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ABSTRACT . ' ^ .... 

This study serves' as an introduction to the important 
economic considerations that are neces^ar^ for an assessment of the 
potential for s6la3f heating and cooling in the Onited State># The . 
first chap.ter introduces the technology that is , used to tap solar 
energy for r^si^^ential* and commerci^ applicatioiis and illustrates 
the pot^ntiaP significance of this energy source on a* national scale. 
A methodology for assessing the economic feasibility of solar heating 
a'nd cooling is* presented in the second chapter vith the results of a 
study of material, labor, ^marketing, and engineering costs of solar' 
equipment. The third Chapter applies the methodology .to a study of 
the- economic feasibility of residential solar heating in 20 cities. 
The potential' for reductions in the cost o£ solar equipment through 
mass production and technology Improvements, and the effects of 
incxieases in cohventional tuel prices ate included, In the feasibility 
assessments. Finally, national security, environmental, .and 
institutional considerations are. discussed to place the economic * 
assessment in its proper ^ perspective. (Author) 
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preface V .( 

' * # V 

« 

This slud/was undertaken in 19/5 under support of the OJfice of Energy 
R&D Policy (OEP) of-the National Science Foundation. It was recognize'^d'that 
there was a very* considerable divergence in individual beliefs* and 
, perceptions about the economic competitiveness of solar energy fop the 
^ heating or cooling of buildings and it was hoped to clarify this situation. M^. 

Arthur McGarity, who was a summe¥ intern v^ith OEP. was asked to-prepare 
' an analytical review and summary of th'e published literature and the 
comments of authorities concerning the present and future prospects for 
solar energy in these applications. The complexities of thequestion-prevented 
quick treatment, and Mr. McGarit'y continued the inquiry undep^ST support 
when he returned to his graduatastddies in Systems Analysis and Economics 
for Publi;:-Decision Making, a 'prcjgram of th^ Johns Hopkins University 
Department of Geography and Environmental Engineering. ,* 

The draft report which resulted was circulated-for review to experts in 
and out of government, rangfng from solar energy efnthusiasts to skeptics. , 
Their comments and criticisms helped produce an improved document of 
enlarged scope! The final product thus benefited ffdm many inputs, but the 
most significant wffs Mr. McGari4y*s own. Those of us who worked with him 
have grfeatly appreciated his diligence in pursuing an obfective treatmdit of 
this important subject. , * , • 



Glen A. Graves 
Senior Policy Analyst 
.{National Science Foundation 
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summary pf pontent, 
results and conclusions 



T|iis study serves as an introduction to the 
important economic considerations that are 
- necdssapy, for an assessment of the potential for 
« solar* heating and.coojing- in the United States. 
The first ch-apter introduces the reader to the 
technology that is usee? to tap solar energy for 
resi^iential and commercial applications -ancl 
illustrates the pot^tial ^significanqe of this 
energy source*on a fiational scale. A raethodol'og^' 
for assessing tlje economic feasibility of solat 
^j; heating and cooling is presented in the second 
*^ chapter; with the results of a study of material, 
f^faboK marketing/and Engineering costs of solar 
equipment. The third chapter applies ^he 
methodology to a Study pT the economic feasibili- 
ty of residential solar heatwig in 20 U.S. cities. 
I The potential for reductions in tha co^ of solar 
I equipment* through m^ss production and 
' technology improvements, and the effects .of 
'increases in conveniional fuel pricey are included 
in the feasibility "dssessmerTt> Finally r national 
security, environmental, and institutional con^ . 
sidera^ions are discus&ed to place the economic^ 
assessment i^4is proper perspective. 

The primary result of the study is the 20 U.S. 
city cost aomparison of sol-ar space and hot water 
heating (combined) with conventional space and 
hot • water healing iit detached residences^ 
Geograpl^ical variations in conventional fuel 
-costs and solar heating system performance are 
(jongidered, alJlhough geographical variations in 
sohr equipment and installation costs,^ are 
neglected.- The^ solar c()st data are obtained 
primarily frocn priv ateprbducers of so]ar beating 
systems, ar\d the conventional heating 90St data 
^ are detained from' suppliers of conventional " 
. energy (ng^tu r al gas , oil» artd ele'^t ricity ) iji each of 
tli^'^O cflies. Solar ^equipment 'annual perfor- 
hiance estimates for each city are obtained by, 
coiribining climatic data witk equipment 
characteristics as input, tp a simulaHon model 
' 'developed at the UniveVsfly of Wisconsin. 
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Comparisons are made using three sets-qf costs 
for solar collector^and heat storage emiipment. 
The first settX^lled Case I, u&es costs that were 
estimated* for systems "built in 19/5. Two cost 
reduction scena'r4os are applifed^to ad^vist the Case 
1 numbers to obtain the other two sets. The first 
cost reductioti scenarfoi called Case fl, accounts 
for the mass production of collectors in a 
competitive market sftuation. The second cost 
reduction 'scenario, called Case Ilf, accounts for 
mass production, of colleclors'and technology 
improvements that iiKuiease *the efficiency of 
€ol^ctors artd reduce the amount of materi^s™ 
required in th^e collectoi's.' 

The cojst of fuel for conventional spac£ and hot 
water heating is conveniently jexpressed on a cost 
per unit of energy J)asis in dollars per million 
BTU of heat energy. The cost of solar collectors 
and heat storage equipment .can also be 

^calculated on this*basis for comparisons. This is 
done by computing uniform ^nnual costs for Jihe 

.solW^*quipmenl based on a 20 year equipment 
lifetime and an interest rate of eight percent. Thq 
- (performance model; determines the amount of 
heat energy that is' d6liv^ered ' bjr;; ^'he^piar 
equipment to a home in each of the 20 cities 
during a typical year. The cost.of solar Qnergy is' 
found by ^combiriihg cost and performance es- 

'limotes. * . . * 

Unli^ke .solar energy,*the cost of conventional 
energy is subject tO fuel price increases due tb 
inflation and 'Vea4" price increases. Tjd account 
for conventional fuel price increases^, the cost 
confiparisons iTi this study incor[iorate an annual 
fuel price increase of 5 percent duriijg the 20 year 
lifetime of the solar equipment. It may be thgt 

^infl'ation alone will be responsible for such 
inprea-ses during the next 20 years. '-^ReaP fuel 
price increases due ta the depletion of conven- 
tional fuels^ will improve the comparisons, in 

^ favor^of.solar cheating. ^ v ^ 



The^resulls of the cost comparisons sho 
with no 'Veal" increase in convenliofial fuel, 
prices, the insldllalion of soLar healing instead of 
gletlric rejsislance pealing can^esull in savings 
in S.oul^of 20 cities With Case II costs and 
performance aiKl in 13 out of 20 cities with Case 
•* ' III costs and performance. Also, it is shown thai 
Case Ill'solar heating is competitive with oil 
heatij^g in one out Qf 8 cities. If an 8 percent, 20 
year loan canine obtained for the purchase of the 
equipment, the savings^ can be realised on a 
' imonthly basis when mortgage payments are 
compared ' with the monthly fuel ^bills for a 
conventional heating system. These savings may 

^gg^^ot occur immedia^ly: but* they will occur at a 
SAifficientl'y eady time so that the capital cost and 
financing charges for the solar eq'oipment are 
repaid ab stJm'e tiiT\e before the 20 year loan term 

/ expires. • ^ 

* Moreover, if a 2 perc^^t "real" increase in the 
cost of conventional energy occurs each. year. 



Case II sblar heating is cooipetitive with elec- 
tricity in- 9 out oL_20. cities. Alst), Case III solar 
heating is competitive wi^h electricity in 17 outof- 
. 20 cities, with^ in of 8 cities, and with 

n'atural gas in 1 out of 20 cities. . 

• ' 

*'This study contributes a methodology based oh 

sound p'rinciples ote*^.§ineeringeco*nomics-txi^e 

.search* for an'analyt'fc procedure for evaluating 

' .Ihe^etonomic, potenfials of solar heating and 
cooling. Applyingv ^.the methodology to solar 
heating in 20 U.S. cities shdvys that there may!^ 

*considerab]e potenltat for the tapping of thfs 
energy lource by economically prudent home 
owners. However, ttie final assessment of^ 
economic feas?5ility is critically dependent on 
assumptions about the cost'^and availability of 
conventional soorces of fuel. The true po^ential 
for sol^r energy will be known onTy, when more 
certc^inty exislJB concerning the future of conven- 
tional energy.. - ' / 
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CHAPTER 1 



Intrpducfion to ^ 

Solar Heating "and CooHng 



JnleresLtjn;the utilisation of renewable forms of 
energy tn the United States has increased with 
our Nation's iricreasfng dependence on foreign 
sources of nonrenewable petroleum. Depletion of 
dom'estic petroleum -arid' the recognition of 
environmental problems 'associated with the^ 
utilization of conven|^ional energy sources, has 

• induced a search for renewable.. nonpolliating 
energy supplies. The sign's radiatipn, absorbed 
by a collector apparatus and cojiv^erted into low 
temperature (100^-200^[Fahrenheit) heat, is one 

.soured of energy tifat is both renewable and 
nonpolluting-. Installation of the proper equip- 

^ment on a home or commercial building enables 
\ the use of solar energy in t^is form for domestic 
water heating and for room heating ahd cooling. 

£qmpn\ent h5)r ' these applications of solar 
energy is currently available apd demonstrations 
have provedTfiaVb^ildings can be heated in most 
sections of j'he counJlry and both heated and 
*cpoled in m'any others (1). Since. water heating, 
space h'eating. and air conditioning are responsi- 
ble for about 25 percent of the Nation^ t9tal 
energy demand, the ii^stallation of such equip- 
ment bn.-^a- ^large percentage of t4ie country's 
buildings wouM significantly reduce den\iands 
for conventional fuels (2). Environmental disrup- 
tions are limited to those associated with^ 
obtaining and processing thfxraw materials such 
as copper and aluminum from which solar 
equipment is built. Thus; it'appears that the rapid 
proliferatiori of splar heated and coole'd buildtjjgs 
may help to sotve two problems: thrat of main- 
taining afi adequate energy supply and that of 
I'educing en viponmental'^ollution. It is importar^t 
to note that these two problems offen generate 
' .conflicting- solution's." ^ • « - - - ^ 



HotveV^er. an evaluation of solutions^to energy 
problems is no{ complete without economic^ 
. considerations. In this area serious doubts arise 
concerning th^ true potential fc^ this energy 
source.^he owner of a home or smaH business 
establishment faced an investment of several 
thousand dollars for solar heating and cooling. In 
a new^ building, this equipment^an be incor- 
porated. into the design, and^payment carf.be 
included in the financial arrangements for the 
entire building. Installation of equipment on an 
exisiting structure (retrofitting] .is usuafly ac- 
complished at^a higHer prige due to the costs of 
mtSdificatiqns to tH^ o/lginal climate control 
system and building architecture. 

Solar, healing an4 cooling is ' called 
"ecopomical" in. this studV when ,the costs 
associated with it are less than th.e costs of using 
an-alternative conv^erHional fuel. For simplicity, ^ 
natural gas, fuel oil, and electricity "are called 
"conventional fuels."~The "alternative conven- 
tional fueV^, or simply "aTternative fuel", is fhe 
converi.tional fiiel which' competes most 
successfully againsl solap. energy. In most parts 
of the United States the^ alternative i> either 
natural gas, fuel oil, cjr electricity depending on 
price, availability, and the preferences of the 
builder or^ the building owner. In ^ order to 
determine if the installaticSi of solar equipment 
, on a certain type^ of building in a particular 
location is economical, the price of the alternative 
fuel must beknown,.and price fluctuations have 
made it Ve^y difficult to predict futurFcost of * 
fuels. I • • < 

There are a number of factors that affect the, 
price of conventional fuels. One important . 



influence is inffaUon which causes ihepricuof all 
goods to mcr(;as(» as the purchasing power of the 
dollar (let.reases. Another f,u:lur is lhe-scar(jty 
caused byjhe depletion of nonrynewable fossil 
fufls whicii <11so causes increases in fuel prices. A 
third .cause of pric'e fluctuatioils is tTic* erra^ 
nature of international pijlitic^s uh^uh causesMhc 

.jjrices of^imporVed futils to vai\ in btjth cIukc^- 

• lions. . 

' A major advantage to the installationoTa solar, 
energy system is a degree of isolation from the 

* .uncertainties ol fuel price, fluctuations. After, 
solar equipnlenl» has been .[)iirchase(l and in- 
stalled. soFar energy is delivered to the4)uilding 
free of^ charge and independeHt of fut^l price 
incrp«^ses. The cost of the auxiliary energ^j;^ 
rtKjun ed during cloudy weather is the onJy major ^ 
' cost that IS sul)^et>l to change. 

Technn.al and economu, feasJlMlitieS* are 
, necessary, hut not* suf-ficient ctp^itions lor the 
occurrence of widespread solar energy use. 
. Institutional barriers SQiiietimes exist ^hat 
f^ififbit the installation of the leftsl expensive 
systems or add to the* financial burden of 
purchasing and operating the equipliient. Jix- 
amples' are. zoning regulations that restrict the 
height of structures /md pio.pert\ taxes on solar 
additnjns which ma\ add subjitarttiall> to the 
annual cost of heating and (>^oling a IjuikUng. 
!n^tlttltlontll aiianScMiienthi can be motlifu'tl, 
though. '^to ehnunale barriers tind.» in . some 
instant, es. to ent^ourage the public to ulil|/e*soltii 
energy, Ktjr example. this.(,an be done through the 
provisMin of e(,onomij?: incentives m by lestric- 
tmg 4rfe* usV of conventional fuels (3,4). 



Focus 



Scope of Study ^ 



The primary focus of this study is on the 
T3Conomics of solar heating and cooling. In 
addit4on, technical aspects and institutional 
considerations are treated in ofde;r to place the 
e<:onomi(, analysis-in its l^rojiec [lerspective. It is 
^limportagt to emphasize that this study does not 
attempt to predict the fwture successor failure of 
ilhe solar heating and cooling industry. Such an 

, effort would re(i-uire knowledge of the future 
pricq Jluciuations.of coaveYitionaUfuels. and the 
authutiloes not wish to become embroiled in the 
contro\j;rs\ sui loundmg the vantjus [jn^ilu.tujns 

^, of future fuel prn.es. 
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Contribution ' 

«► 

The major contribution of this, stucly is a 
cletailecl assessment of the (.osl^ involved in 
hiating and (.ooling^ a gi;igle family residence 
w ith ^(jlar energy, i^i-tual 1975 costs arc discuss- 
ed as weH as -the costs whicli cart be expected 
\\ ith mass productjon of flat plate collectors and 
with adyanced Collector-designs. In addition, a 
methodology ip^^resehted that enabljps the 
comparison of cin investment irt solar equipment 
with an invesnn6nt in conventicxnal equipment. 

' The- approach is called "life-cycle oeist analysis^ 
and it relies heavify on the principles of engineer- 
ing ect)n(jmics. It enables the^mpai ison of solar 
energy, with conventiontil fuels on the basis of 

. dolhys per unit ()f,energy. ./ 

Although the methodology is gei/eral and can 
be; used to treat both heating and cooling, only 
sjilar heating is treat (yl with enough deWiil for an 
accurate assessment. The information on\l he cost - 
and performance of solar cooling syst^ims is 
currently too sketchy to enable more than a 
hypothetical guess concerning the perf(Wiance 
to be expected and 'a rough estimate (xf the c<ists> • 
involved. h ^ 'V . 

'The result.\of this apalysis of solar costs, when 
combined with information pnlho current cost ot 
conventional fuels, serve as initial conditions for . 
an anaU sis that compares the ecti'nomics of solar ^ 
energy with the economi(-Sl of (.ofiventitinal 
encrgv st)un>es. It is imiMirtant to note that the, 
price tjf, solar energy* is determined through 
essentially. fr(;e ma/keJ intera^-tions whije ^he 
prices of (.onventioncH fuels result from a bigh 
degree r)f government regulation. When pfedio* ^ 
tioas an? made— concerning future inflak^o-n * 
rates, conyentional fuel price fluctuations that 
occur in addition to i'nflaliiin; and changes -in 
government policy— comparisons can be made;* 
hut their accuracy is no grecjer tlyin the accuracy 
of The predictions. A variation of this approach is 
to treat gov(;rnment policy as a variable and to 

- t'est Jhe (;ff(;cts of- tlifferent paiicies the 
comparisons. This study supplier a methodology 

^ and a st^l of iniiial conditions \vbich enables the 
reJider to make such comparisons. 

Chapter Summaries , ^ 

The'(Aiirent chapter intiodticos the reader wh(j 
IS unf7imjliiir,with this use of solar energy to the ^ 
te(:hni<.Al fundamtmtals. This.study.ileals onl^ * 
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with those systems that use the sun's radidtion to 
heat directly a fk'iid and that utilize the collected 
energy 'at rather low trmpercitures bmpluy«d for 
space heating an^f fur 'powering* heat driven 
cooling apparatus. 

The analysis does not include solar-electric ^ 
systems for iioines vVhich us«\)hotov6lt'aic cells ^ ^ 
or generators driven by heat, engines. ' 
Photovoltaic conversion of solar energy* is 
presently more expensive and less efficient than 
thermal conversion. Heat engines usually recjuire^ 
higher temperatures which may be obtained by 
using focusing collecturs that track the sun as it 
moves across the sfey. Low temperature collec- . 
lofs u^e a simpler tmd less expensive flat plate 
which can be muunted'^in a J^l^i-xed posiliun. 
Reseafch efforts are being dir«^ed Mowtird 
improving the efficient.^ and reducing the cdst of 
solar- electric systems, but m(jst*uf (he work is 
concerned with large scale centralized g<?nertiting 
facilities (5). ' ' * 

* To^acquaint* the reader wjth the possible ' 
contribution that sular heating anil cuuling of, 
buildings can make to the total energy re- 
quirements of theT^ntted States, l*hefir^ chapter 
also presents an overview of energy use in 
relideritial and commercial ^buildings. Three 
hypothetical levels'of stilaV heating and cuolmg 
development are exairhned- to determine their 
significance on a natio'nal scale. 

. ' * ' 

The second chapter is a discussion *uf the 

important fauturs that comprise an ecunumic 
analysis of 'solai heating and (Tooling. The 
principles of life-cyck cost* analysis are 
presented^ and a- method is described fof ex- '^ 
pressing the cost ot solar energy on a dollar -per 
unit of energy basis. Estimated 1975 material, 
labor, ehgineering, and marketing costs for a 
solar heating system on a single-family rftsidence 
are pres^ted as derived from a survey o^ 
demonstration projects, equipment producers, 
and other studies^ Performance characteristicsof 
solar heating and cooling systejais are set forth, 
'^nd the use of, -sijmulatiorf models tcr predict '\ 
performance IS described. One such performance 
model, recently developed at the Univ.ersity of 
Wisconsin, 1$ used to generate' perfKjr.rnance 
curv;es for a solar fieating system sj^ipply frig room 
heat and domestic hot \\ater to a singre-Tamily 
detached residence in a variety of geographical 
Iocations{6).* 



Cost information and. performance curves are 
.combined to create curvies that shov? fhe varia- 
tion of cost pel unit of solar energy with the size 
of Jhe system. It is then shown how thc\cost of 
solar .energy can. be compared with'the cost of, 
other more conventional 'fuels, furthermore, 
consideration is given to the proper sizing flf a 
s]^'Slem so thdt it supplies heating and cooling to a 
building at tht minimum cost. Finally, it is shown 
th<rt when* assumptic^ins are made concerning 
changes in the prices of conventional fuels, life- 
cycif cost analysis can be^pplied to determine if 
fi iq$t savings ^ill result over thedifet^me of the 
solar equipment. 

The fmal chcjpter applies the^ method of 
anal^ sis tiev^luped in the second chapter to solar 
heafing in (he United States. Also, an example is 
constructeil [i/ show how thtr^^lysis can- be 
apphed to combineil heating and coolitig. In the 
heatixig analjs^s, 20 U.S. cities are chosen for an 
economic comparison of solar heating, with 
conventional heating meth<»ds.-.^% 

The comparisons arp made for 1975 solar costs 
and for two solar cost reduction scenarios which 
presume saving^ from mass product ioa and 
advanced collector design. The costs of conven- 
tional fuels are projected from^l975 i:osts v^'ith 
adjustments for inflation. In locations wliere 
solar heating is not cost ' compethtve\v/ith 
conventional he^^tir^g, the XuSt^price iri'-crtrfifee 
necessary to bring about a competitive*sUuation 
is shown. ^Iso, three cities are selected for a 
detailed analysis of the aptimal sizes and of the 
•corresponding capital and anliual costs of solar 
heating? systems* 

' The final section of the tfiird chaptertliscusses 
insti'tutional factors which may either inhibit or 
encourage growth. In addition the n'opeconomic 
beneKts of significant solar development are 
discussed. 



Technical Fundamentals 

Solar heali.ng systems generally consist of four 
* mai'or^ parts: 4 collector, a stt)rag« unit, c^n 
ajuxiliary^nif^sing a conventional fuel, and a^ 
distribution ^^tem. Solar cooling systejns are 
.essentially same with the addition of a 
■^.ooling unit powered by solar heat energy. The 
ai^xiliary unit, and distribution system are 
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TYPICAL SOLAB HJEAT//VG ^AND COOLING SYSTEM 
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Figure It TypiCdi solar heating and oootkng system using water as the collectof circuiation f)Li<d and a water tank for heat 
stooge The conventional furnace operates in a parallel mpde with the cgtlector and storage unit. 



usually the sdinu as equipment used m>wj 
conventiuncil hiMtinj^ and cupTlng -system. A 
scjiematic (liaj^ram of a typical combined healing 
aad coulin^ system is shownvin Figure l.'Many 
v^ariations are possibly The suns energy arrives 
in the form of radi/ition at frequencies ill and 
around the visible light spectrum. The amount of 
energy reaching the surface of the earth is 
dependent on the geo^Wiphic location, the time of 
yeari the Hm^e of da^» and weather conditions. 

Collectors 

IQhe/nobt cumrnc^n type of collector uses a flat 
metal plate to absorb the radiation. A coating 
surface (usually flat Mack psintjjs incorporated 
with the plate to allow maximunl absorption of 
the sun's rays. When the plate's temperature 
begins ttf-rise. heat energy is remaved from the 



plate by passing a fluidover the plate or fhrough 
tubes connected to the surface of the plate. 

The plate is niounted in a pahshaped enclo$ure 
with one or two sheets of glass above the plate 
allowing light to pass through and reducing heal 
loss..dii€ to infrared radratioij and the cooling* . 

' effect's of wind. InsufSting material installencr * 
below the plate reduces heat loss to the suppor- 

-iing structure. Several collector modules^are 
connected and mounted^ together in a panel 
assembly sized (o provide the de$*ired.amoun( of 
heat energy. . . ^ ^ 

Because the United States i^ located in the 
Northern He^misphere. the sjin is found in the 
southertDvsky during most of the year. Thus^^he 
collect 01* surface must face the south and be tilted 
at an angle to the horizontal. ^When the solar ^ 
system is., included in th^ deffi^ of a^ TT^w 
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Figure^ Flat ^lale collector design for a water ty;pe collector The water tubes are fabricated ir^th^.coffector plate, 



building, part of the roof cah'be replaced by the 
"collector assembly^aad therooT slopacanbe made 
to correspond to the proper collector tilt. 



Both liquids and^a§es are appropriate for use 
» - as heal collection and distribpHon flyids^ \Afater 

is the commonly, used tiquid'^nd air.is that 

commonly j^sed gas. Th« system shown in Figu're^^v.,^!*^ .oe usea 

1 uses Wat.er. Water systems ifse collectors with ^^l/^ulating ai 

tubesigisterted to the plat^ or shaped in the plate 

by 9 fabrieatioji technique. One design of this 
- 4ype is illustrated in* Figure 2. Corrog^ion iij- 
• JribiUhg chSfittcals a^e addjBd to the. water,, and 
, freezihg is avoided by adding^anti*freeze**or 'by 
" draining the collectors wlienever freezing 
» iemperatures occur. A pump driven by electricity 



is - us^atfy necessary to circulate the water 
thcpugh thexojlector and the connecttng-piprng. 
Wheri air is us^d to collect the heat. 'a ^blower 
forc^^ the air through connecting ductwork into 
(the collector and over ^^he surface of the pjate. 
Finned or honeycombed projections on thQ.plate 
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can .be used to increase heat transfer fo the 
r. 

Sfbrage r 



Storage of solar energy is aecessary to provide 
» ,h,eating and cooling -during nights and on days 
with Significant cloud cover. Heat.coljected in 
water systems cdn be stored by holding a larg^^ 
_ quantity 6r,the heat^d-waterin an insulated tank. 



Water is well suiled fur thH purpose because of 
ift high heal i.<;jpd(.it^. An inexpensive ine^hoLl uf 
storing the heat culleuteO in air systems uses an 
insulated , bed' of roughly^^qually sized pebbl.es 
through which the dir'i s passed . The Creation uf 
temperature 'layers*' in the storvaga unit 
' (temperature'stratififidtion) tan be piuduued in 
pe^bble beds, increcl^mg, the efTicienc^ uf the 
system. 

V . ,"1 ' ^ y ' ^ • • 

.Auxiliary Energy and Distribution Systems 

. ^^qnomicsCOnsideCati^ns usually require. that 
? |Hh^s$lar sy|t|inbe siz^^ taprovide less than 100 
i /"^percent" offtlffe year'a f'eatingl'and' cooling re- 
, „ ' (Juirements. Many lt)hatlons experience ^winters 
withMorig periods of' v*ery' low temp.efatui^s 
accompanied by low quantities of insolation 
(incident solar radiation). During these periods^! 
conventional energy source must supply energy. 
Equipment sized to fully accomodate these 
extreme circumstcinces is .simply too costly. 
Conventional 'heating equipment is used in an 
auxiliary mode to supplement', the sular equip- 
ment. For domestic hut water'a cunventiimal hut 
water hcciter can be usedto boost thtrtemperature 
of the solar heated water. For spac^ heating, 
electric resistance heating, a heat puinp. or ci 
natural gas or oil furnace^an 'be operated in 
, * p^ayallel with the sular equipment. Also, the 
ebsot^ption cooling unit can he* designed for 
, ORe/ation from the energy in heated water 
supplied b> the splar .equipment ur fryin heat 
, obtained fron^, (xjnv entional energy source. 

* The hea'ting distribution system can make 
direct use of the elevated te'^nperature of either 
. the collector s circulating fluid Or the storage 
unit. In water systems hot water from the 
; (TO Hectors or - the storage unit is circulated 
through a network oi room radiators or through 
~ coils over which air i^ blown for distribution. in 
ductwork. In air systems heated air from the* 
.coljector or fro^ storage is blown directly into 
the rooms through a system Qf ducts. In both 
. systems hot* water -for domestic use is heated by . 

pass/ing . the. water through^ ^ heat excfianger 
% which transfer^ heat from the circulating fluid or 
from storage. " ^ 

Coolijig 

The cooling system consists of a heat poj^^ered 
air conditioner similar t^j cooling units powered 



b> the combu^stionof naturafgas. These "absorp- 
tion type" air conditioners require temperatures 
uf at leasl f8o° F for operation, while heating 
requires tempei»^tufes around 120° F. The 
requipffment for higher collection and storage 
temperatures for cooling usually dictates that a 
water syst^m^be used. Air collection and pebble 
beil storage iS^iot reliable^or the'supply of heat at 
temperatuies. greater than 150° F. However, in' 
dry clfmates where "Sir conditioning b,y^ 
dehumjdificatujn and ev apjq^ation'is sufficient to 
meet cooling needs/lower temperature soiar heat 
can be used to aidthe operation of an evaporative 
cooler. Another technique used in dry climates 
.,operates by chilling water at night by radiation to 
the cool night sky. The water is stored and used 
for cooling (he next day. ^ ' 

Typical OpeVation 

Operation of the heating and cooling system 
, requires a system for controlling the interactions 
*of the four major parjs. Variations in heating and 
cooling loads and in-the amount of available solar 
energji impose the nqed for different operating 
modes., when sunshine is plentiful and the load is 
low, collected »nergy is stored until the capacity 
of the storage unit is reached- If the luad is hijjh 
during a pericW of cloud cover, heat is withdrawn 
front storage until it'is depleted and auxiliary 
energy js required. A control system utilizing 
temperature sensors and relays or electronic 
switching apparatus can automatically operate 
the components, maintaining the inside 
temperature at the desired level as set by a 
' thermostcil. ^ 

Figure 3 illustrates the operation^of a residen- 
tial solar heating system during a typical 3 day 
period in the winter. The first..day is characteriz- 
ed by a partly cloudy morning and ^ clear 
affternoon with mild temperatures througnoul the 
day. The heating load is low and s6lar energy is 
' available in quantities large enough to meet the 
. entire load and charge the storage unit to' full 
capacity. After the storage^unit is fuUV charged, 
additional incident solar energy is necessarily 
wasted. During the night of the first day, unusual 
weather activity, such as th*e arrival of a' cold 
front, lowers temperatures and the heating 
demand increases. Heat stored during Ihe day is 
withdrawn from the storage unit to maintain 
constant temperatur^es indoors. 

The second day is partly sunny with continued 
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So / a fi^Hea t i ng System Operation 
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Figure 3. Solar heatmg system operatidn. A» modes of operation are displayed. 



« • 

low 'temperatures. Solar energy. Supplies the" 
entire heating load during most of the day and 
adds asmallamount of heat to storage. During 
the night of the second day; the energy in storage 
isdepleted and the auxiliary unit mus*t supply Ihe 
entire load. The third day is mo s'tly overcast with 
Iqw tempera^ures, and the solar energy is not 
^ sufficient to meet the load. The auxiliary unit is 
^"sed to supply- varying portions of ,the loa^ 
Tthrpiighout the day. ^ ^ 

[Th^ components and system described above* 
* i\se fairty unsophisticated technology and no 
- improvements are necessary to provide a depen- 
dable working system. Howeverj, several design 
improvements • can be made to increase the 
efficiency 0/ energy collection. Cpllector plate 
c(f>ating surfaces, called selective surfaces, are 
being developed which absorb most of the 
incid-ent radiation but reradiate almost none of 



the absorbed enetgy. 

A totally different collector design has. the 
absorptive surface and fluid flow tubes enclosed 
m an airtight gla^s cylinder. A vacuum is created 
in the interior, of the cylinder, substantially 
reducing heat losses to the surrounding air aiyJ 
making the collector more efficient at the high 
temperatures" required for cooling. Manufac- 
turers of this type of collector are hopeful that 
production techniques similar to those uSed to 
maker fluorescent lamps and vacuum tubes can be 
used to produce the cylindrical collectors at low 
cost. It is aUo hoped that the amount of metal in 
the collector surface can be reduced by using 
recently-developed . advanced heat transfer 
•.technology such as4hat in "heat pipes" (7). 

This section h^s briefly reviewed the»techpical 
aspects of heading and cooHng with solar energyN 
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.A more ngorous and detailed treatment of 
technical fundamentals can be found in Chapter 
59 of the 1974 AppUcutioub Volume of the 
American Society of Heatin^, Refrigerating, and 
Aii: Conditioning Engineers rer.ently co;npiled by 
)ohn Yellott with the support of the National 
Science Faundation RANN Program (8). 



Growth Scenarios ' 

The quantity of energy used]j^the Nation for 
solar heating and cooling appliumons is closely 



related to the heating an^d cooling energy demand 
of rcssidentiar and commercial buildings. In 

/iiddition. the rate of growth of this endrgy 
demaml due to the cotlTtructionpf new buildings 
is important because solar equipment is more 
easily incorporated into the ^design of new 
buildings. than ins'^talled in existing buildings.' 
*-Figure4 shows \ht total space heating, domestic 
hot water? and air conditioning energy re- 
quirements. *for residential and commercial 
buildings i\<he United States in 1970 with.a 
projection of requirements forn990* The figures 

/for both years are taken from the Federal Energy 
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vpjgure 4. display of residential and commercial energy use 
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»n'1970and 1990 (Source Proiectlndependencfe Seereference 



Acjminislration s Project Inclependenjce repjjrl 
base case projecticms (9). It is s^en that spdce 
'healing a-nd hot waler k\re^ responsible for'tjie 
greatest portion of the load, whereas air con- 
ditioning (cooling) is responsible for only a small 
portion in bbfh years. ^ ' ' ' - 

-Studies have shown that combine^' solar- 
heating ^nd cooling installations ihi sometimes* 
more cost effective [hm\ heating or cooling 
installations alone (lof. This is bepause the' 
collector and storage unit can be used during the 
entire year in many locations. However* the 
significance of this fact is dimin'ished^on a 
national scale by the informatiop displaytid in 
Figure 4. It shows the small size of the coqling 
load 'in relation tu ^he tutal eneig> used fur 
climate control and domesHc water heating. Cost 
studiesijescribin<4 the economies associated with 
,wuling must be taken intu 
acccmnt in light of the f<u:t that many residences"; 
ana commercial establishments in the United 
S,tates turrentiy require little or no, energy for 
aph<:e cooling purposes. Nev'<>rtheless. the 1990 
projection indvcates that the' demand^ for ifir 
conditioning and the corresponding potential for 
sofar coolinojdtfvelopment may increasa to a 
sigriificajjM^el. It is also importthit to note that 
mosLxrtflhKS loati occurs in the, southi^rn and 
^ fstern •StiUes where summer sunshine is 
plentiful. In these* regions vvidespreaci use of 
solrfT cooling mi^ht help to allaviate the peak 
loading problems of electric utdities caused by 
electric air conditioners (11). The po,tentfal_ for 
this type of benefit is obscured when national, 
rather than regional energy consumption figures 
are cfjnsidered. 

Table 1 ilescnbes the si^niffcance uf varioui? 
'degrees uf b.oUir eneigv utili/a\iun under three 
hypothetical^ si.ehanos of intrtidui^tiun "anjl 
growth. The numbeis m the table are calculatt^d 
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Table 1; Use ofSolar.Heating and Cooling 
Three -Hypothetical Growth Scenarios for U.S. 





1990 • 


%0f 






Energy 


Total 1990 


%0f 








Total 1QQ0 




(JO^^ BTU/ 


. Heating & 


U.S. Energy 




Year) . 


- Cooling 


Demand 


Scenario 1 


0 28 


1 4% 


0 4% , 


ScenaVioll . . . 


.... * 0 91 


4.7% 


* 1.2% ' • 


Scenario ill 


^ 55 


28 4%- 





^peoaiio 1 -^0 teuofil New so/a; jnstaUations supply 5% of 1970- 1990 growth tn 
' nS\ water and space^atmg load and 1% o( 1970-,1990 growth m a»r conditioning 
load, , * ' > 

Scepario II— So/a/- retrofifs installed to supply 5% of l570 hot water and space 
^heatmg toad and 1% of :ld70 air conditioning load by 1990 ^ew soiar instaHaUons 
same as Scenario I * 

V 

Scenario \\Y-~SQlar retrofits supply 25% of 1970 hot water and' space heating toad ^ 
and 10%>&<L 1^0 a»r conditioning iDad by 1990 ^Iso new sola/ mstallattons supply, 
^^qI 1 9 70- 1 990 growth in space heating and hot water load and l5%of 1970-1990 
growth in air conditioning Idad' . ' .* • 

Other Assurapttons ^ * t * 

1) The numbers are based on Ftg 4 which is for enc^ use consumption 2) It is 
assumed that the heating and coding load wtit continue to makeup 25%of thetotal t* 
U S eneray der%and in 1990 
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from infornialion in Figure 4 u-sing the listed sjh 
of assumptions for each scenario. Scenario U 
involving only n^w constructiont is technically 
feafiibTe and I'nay be Gconomically feasible if the 
cost of ^olar equipment becomes competitive 
witli conventional, fuel costs. Sc*enario II il- 
lustrates the large increase in solar utilization 
itiat'is i^pssible^ with a very small percentage of 
re/trofjit applications. Sceniifio Ifl sho\vs'the 
intense degree of solar development ivhich would 
.he required to supply a large*portion of 'the 
heating anti cooling load by 1990. This Jevel of 
development (5^5 x lO*"' BTU, year from solar 
heating cooling) inight require the installa- 
tion of- soThe 40 to 60 milliow solar units o'o 
residential and commercial buildings by 1990. 
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(CHAPTEB 2 



Solar Heating 

land Cooling Economics 



An economic assessment of solar hot wafer 
heating^nd space conditibning equipment can be 
-accomplished using techniques similar to those 
.used in the analysis of any project requiring a 
large capital investment.. This "capital intense" 
aspect of solar equipment is.in sharp contrast to 
^conventional sy^ems which have a muCh Idwer 
^initial cost for/equipment and a rather high 
operatingxost /or fuel throughout the lifetim^of 
'V tile equipnlen/. An accurate comparison of solar 
equipment with conventional ^equiprfient rfiust 
consider aly costs associatedrwithjhe pur^ase, 
installation^, an6 lifetime operation of "both types 
of equipment. Consequently, the well established 
techniques of engineering economics are begin-*, 
ning to pe applied as **life-cytle cost analy sis"lo 
compa/isons of solar with conventionaj equip- 
. ment*n2, 13). 



Life Cycle Cost Analysis - 

Ipi life*cyclecost analysis gathers expenses that 
cqur at different timesinto one cost number that 
can be used to compare alternatives. There, are 
|wo schemes for^groupinig costs that yield the 
/sam^ result 'when comparisons are made. One is 
tRe*'present value iriGthod" which treats all costs 
ol:curring throughout the lifetime of the 'equip- 
ment as'if they could be paid. at the present. The 
.other approach is the-jjanniial cost method" 
which freal^ th^ese costs as if they occurred in 
even annual payments during the equipment's 
lifetin;ie. This method is especially useful for a 
heatjng and cpoling cost' study because the 
annual cost divided, .by the amount of energy 
supplied during, a ^e^ yields an estimate of the 
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average amount paid for each unit of. energy. 

When the costs that actually ^do occur on ^n 
annual basis (such as fuel and maintenance 
costs) do not change froth year to year, both- 
^aethods are^ straightforward- and either ap- 
proach is sufficient for making comparisons. 
However, when anntial tosts are expected .to vary 
each year due to changing prices. *the present 

. value of these 'cos^ts must be ejaculated before a 
uniform annual cost figure can be computed. 

"^.hus, since fuel prices are of a changing nature, it 
isimportant to understand both thepresent value 
arid tHe ^nual cost approaches for* a cofriparison 
of solar with" conventional heating and cooling.. 

Both methods assign d^reater value to expen- 
diiures made at the presentjlhan to those made 
sometime in the future. ThiS- priority occurs 
because ^one 'dollar received at the ppeserit is 
equivalent^ to^ more thaQ^^one dollar received a 
year I5ter since the first dollar can be invested to 
collect interest. In* fact, it can be' observed that 
monpy has a *'time value" to a consumer and that 
this ^lue is associated with the interest one 
rnust pay on a loan. The interest rate paid by a 
consumer actuallyfionsists of three components: 
a percentage reflecting the consumer's time value 
of money a percentage accouij^ting for the risk 
' . incurred by th^lender, and a percentagjB deter- 
mined by the lender's estimate of the average 
Inflation rate durin^the.load period (14. 15). 

« Presenf Value Method 

The present value method accounts for the time 
value of njoney by multiplying costs occuring in 
future yeai^rs &y a fractional discounting factor 
which is madcsmaller each year. These reduCed 
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anniial cosls are added tugethjertuxibtain a single 
number that is equal to the present value of (he, 
tulure iinriucfl (ixpenditures. This . number 
represents the amount that could be investcHl at 

' interest in the present to .yield the amount 
. necijssary to pay all of the future annual cos^s as 
they occur. Thus, the present value is less than 

-the sum of all the future annual costs. The present 
v^lue of the entire investment is calculated by 
adding, the initial purchase and installation' 
expenses, which actually do occur al the present, 
to -the present vlilue of future annual costs. 

The factor used to reduce the future annual 
casts is determined by a number called the 
discount rate (d) which has the same value as the 
♦ relevant interest rate. Annual costs are reduced 
in the .first year \)y J ( 1+d). in the second year by 
l/{l+d)-. in the third year by l/(l+tl)\ and so on. 
Thus when annuarcost's are constant each year, 
the present value of these costs is>calculated by 
Ihe'formula I: * 



is found by adding the appropriate present value 
of annual costs to the initial purchase and 
installation expenses as in formula 3: 



(PRESENT VALUE V 
ENTIRE j 
♦NVESTMEN-T / 



/ INITIAL \ /present \?ALUe\ 
(expenses] + I ANNUAL | [3l 
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Annual Cost Method 

/rhe annual cost method accounts for-the time 
value of money by treating the pr,esent value t)f 
the entire irn^estment as if it wiH Be financed by a 
loan with compound interest and jio down 
payment. The uniform'annual payment for this 
arrangement is found by using the uniform 
capital recovery formula: ^ 



uniformv 
Annual ) 

COST / 



/present value^ 

I ENTIRE 
y INVETSTMENT 
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fPRESENT\ /CONSTANTV 



/constant\ 

I ANNUAL 'j 
\ CO^TS 7 









Z 1/(1+dl') 
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Here n is the lifetime uf the equipment (12). 

When annual t.osts are expected to increase 
with lime, an additional fcvctor'must be used to 
account for this increase. • When the fractional 
annual irfcrease in.such a cost is denoted by e. the 
initial annual cost is increased by a factor of (1+e) 
jn the first year, by (V+ej-'in the second yeat, ky 
(1+e)* in the third, year, and so pn. Thus the 
present value formula be«or]ies formula 2: f 



/p^ESENtV^ / ir/lTIAL\ 
\VALUE / IaNNUAl) 
\ COSTS / 



where 8 " 



1^1 \l+d/ ■ d-e V \l+d/ . 
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unless e is etjual to d. and irfntr&caseB is.equatto 
n (13)'. Tbj^resent value of the^tireinvestment 



•v^here ris the interest rate and nis the lifetimeof 
the equipment (12). 

Since the uniform annudl ca^t depends on the 
•results of the present value analysis, the> for- 
mulas for present yajjje can be used t(5 simplify- 
' formula 4. One simplification arises from the fatt 
, that the time value of money is the sajne for both 
. methods. Thus, d is equal to r. Again there are 
two cases involving actual annual costs Jor fuel 
and maintenjHice. First, when • anifual costs 
remain AOI>staht^fom^ye^lr^ l(T year, 'forrrtula.4 
becomes: , • ' 



/uniform 
I AriNUAL' 

\COST . 



in)tial \ 

EXPENSE s| 



/constant\ 
(annual I [51 



yco^Ts^ 



Formula 5 can be better understood by thinking 
of the uniform annual cost,as being the amount 
one would pay each year tov^^ards repaying a loan 
made to purchase * -the heating and - cooling 
equipment plus-.the cost of fuel and maintenance 
for one year. " ' . ' . ^ 

-Finally, when annual costs are expected to 
increase t)y a fra^ctipnal amount each year, 
formulas 2. 3, and 4 are combinedlo'yidld formula 
6: . * ' 
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(INITIAL 
ANNUA*L 
COST 
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untm e is equal to r, ai«d irt this case, 
♦ 0« 



Application \ ' / . 

The. moslv difficult pcirl of appl^inj^ life cyde 
cost analysis tu a r^al problem is d(5leniiining lht» 
proper numbers tOvUS^Jur the, different lusIs and 
for the interest ^ate.' There are actually twu 
different v\ a> s tahandle the Interest rate, add the 
proper \^d} cj^epends^on huw' inflation I's being 
treated. One v\a\ is to ^i}j;nore infhttion v\hen 
calculating present values or annual (.usts. Thi^ 
is accOmpFished ^by 'projecting .increas,es in 
annual costs only if they are expected to be 
greater t^an those caused by inflation. Such 
increases are due to "real" price increases and the 
annual costs are in "constant" dollars. In addi- 
tion. the'*rear' inlere^tn ate must be used whicih is 
^found bysubtracting the expected inflation rate 
from the rate of interest fhat.is actually used by 
banks to ma1<e loans. The intdrest rate used by 
banks is called the "nominal" intesest rate. 

The other v\a\ lo handle the interest rate is to 
include inflation in the analysis. Sinc^ inflation 
really does u(.(.ur. and since banks include 
inflatiun when setjing interest rates, tlje cost 
numbers ^und when inflatiun is incuicted are 
close to the amounts that are actually paid. In this 
case, the expected inflatiun rate must be included 
^with the ^'real" price in^.reasQS when ppojectirtg 
increases in annual costs. Also, the proper 
ititefftst rate to use is the one that is a\ ailabfe for 
private loans at banks, provided the inflation 
rate^ chosen is similar to the one assumed by 
lenders. 

When appj^ing life-cycle cost analysis to 
. compiarisons of solar with conventional heating 
a^id coalinj^. certain assumptions concerning 
^osts can be m^ide which simplify the analysis. 
This."^tudy uses those assumptions uhich are 
appropriate for residences. Different sets 'of 
Ss§umptiofis apply tu commercial buildings since 
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they are usually equipped much differeotly than 
' resi<lqiices and l)ecause businesses usually 

finance their investments differentlyjhan home 
^Qwners. ' ' . ** » • ^ * ' ^ 

' • • • ^ • . 
' As^mptions In ThiW Study . 

■. First, nominal interest rates ifre used rather 
than "real" rates so that the annual cost numbers 
that appet'ir.wilj be comparable to actual costs 
which, wu)uld be paid by ihe consumer.*. An 
interest rate of 8 percent is used since home 
mortgages cai^^be obtained at approximately this 
rate. It is assumed that the 8 percent figure is 

-^cuinposed of 3 percent for the time value of money 
and ri^k and that the remaining 5 percent is to 
account foi the expected rate of ijiflation. Thus, 



in- the formulas for present value and annual 
cost,s. d IS equal to r. r is equal* to 0.08 and e is 
equal to 0.05 plus the fractional "real" increase in 
ann\ial ifosts expected ea(.h vetir ifi the future. If a 
fractiontil deci\Mse is expected, this number can 
^ be ^ubiracted from 0.05. 

The lifetimes of both the solar and conven- 
tional syst^ms^are assumed to be 20 years. One 
\^ problem with this assumption's the treatment of 
the conventional auxiliary equipment used to 
back'up t'he solar equipment. If the lifetiine of a 
coni?entional furnace without ^^solar beating is 
about 20.years, then the same furaace used only 
as an auxiliary in a solar heating system should 
last somewrh tit long er. Thus, at thfe end of the 20 
. year period the auxiliary.'erquipment has some 
salv age v^alue. Howev er, the present v aUie of this 
Stilvtige value at the beginnjnjj ofUhe period is 
very smtiU reKitive to the cost of solar eq^f^piiifijit.- 
Thus, it IS assumed that neglecting this uncertaip 
salvage value will not influence (he outcome of 
the analysis. "Also neglected is the cost for 
electru.ity to run the pu mps^or b lowers on the 
sofar system. This— xost is^ negligible when 
compared with thcvcost of opertiting a heater or 
air conditioner. • ' " 

* Another assumption in tliis study involves tRe 
initial cost of the auxiliary equipment and the 
distribution system. Since a solar heating and 
cooling system requires auxitlary equipment 
which can supply 100 percent of the load dwring 
periods of inadequate sunshine, it is assumed 
that the initial cosTof the auxihary equipment 
and of the distribution system J'or the solar 
installation is the. same as the initial cost of a 
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conventional inslalldtion. This assumption is 
correct- for must heating Lumparisuns, but-rH^ — 
inacxurateiur cuijt^g compciri^ons. However, an 
adjustment, ta be described later, oan be made^ 
wKich validates the assumption for cooling. ^ 

The annu^Lexpeil'ses for rhaintenance'are also 
assumed to be t/(ie same for the solar and* 
conventional systems. T his assumption is not 
^Ventirely accurate since the solar system inv olvgs 
additijon^l equipment such as pumps and collec- 
tors. The colle-ctors in^p^rticular may create 
special^ maintenance problems, since they, are 
constantly exposed ,to the extremes of the 
weather^However, at this time little information ^ 
is available on maintenance costs since onl> a 
few solar heating systems hav e been in operation 
for long periods of time. Thus, additional costs 
are not added to accgunt for the possibility of 
extrar maintenance expenses. _ - ^ 

Wherra'lif"e-cy;cl^an(alysis is performed irsing ^, 
the assumptions V descrii)ed above, the com-* 
parispn of solar versus conventional f educes.to a 
cpmparison of the cost of-^e solar collecjior, *the 

Cheat storage unit, ^nd the auxiliary fuel with the 
cost of fuel for a conventional system. When this' 
^ approach is taken, the salar collector and stof age 
unit can be thought of as a replacement for fuel,^ 
and the^cost of Ihe^e two i|ems can be called the 
solar "fuel" cost ^Thus, the aunu^l cost of solar 
. "fuel" can be found by applying formula 6 to the 
, *initial collector and storaige' costs. This results in 
formula 7: ' 
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sO 102 when r is equal to 0 08 and n i$ 
equal to 20. 



The CjOrr^sponding formula for auxiliary and 
^ conventional fuels is shown in formula 8 whefeD 
(of fornlula ^is the adjustment^ for expected 
"real" and inflationary increases in conventional 
fuel prices: 



When determining the annual cost, of the aux- 
— ritcTTjr futjh^^he "annuat^ergy supplied" is that 
portion of the^otal >earT^load which cornesfrom 
the au vlicir^ equipment. WheYi the annual cpst of ' 
a totally cunventaonal system is considered, the 
"anriual' energy supplied" is the pnti-re y-early 
"load. ^— ^ . ■ 

Complicatiuns_arisQ_when combine^ heating 
an^l cooling comparisons are made since conven- 
tional heating equipment operates differently' 
than conventional e^ooling equipment. In such 
,cases, the annuaLauxiliary orTbnventional fuel 
cost mu^t be found by adding the two cpst 
numbers Ijiat are- found by treating heating and 
cooling separately. Foc~exam''ple, iT theiconven- 
tional alternative to solar energy is oil heating 
with electric air conditioning.-^ the separate 
heating and cooling costs are computecl using 
different^ costs per unit of energy, different, 
amounts of annual energy-supplied, different* 
(/quipment efftci'encies, and, perhaps different 
fuel cost incrHcise"factors.' ' \ * 

I Another complication results when it is not 
y true that th^c^i of solah'auxiliary equipment i^" 
equal to the cost of con>^ntional equipment. 
However, adjustmen ts ca n^e made to formljlas 7 
and § so that comparisons of "fuel" co^ts are still 
valid. An adjust-ment nf^dein this study invojves 
"Solar cooling eqtiipment. ^ 

A solar Cooling system require? an absorption ; 

♦ type air conditioner wTiich is more expensive 
than theelectricaii: conditioners used inmost alr- 
conditione^d homes. \\ is assumed in this stirdy 
* that an ekatcic central air conditioner ior a 
residence costI SlDOOTn 1975. Th\is, the cost of 
solar cooling is f^und Ly adding to the collector 

. ^and storage costs the cost, of an absorption air? 
conditioner and subfFactjngSlOOO. The resulting 
annual solar "fuej" cost caH'^stilJ be compared 
with the cost of converrtional fuels. 

Further complicaViens arise when compBrrng a 
solar system using onelypelof auxili^Iry equip- 
ment'w ith a conv entional system of another type. 
An ex^ample is a ^olar he^tinj^ ^systenl « with ^ 
electric r^^istanee back-up equipment compared ' 
with an oil furnace. Th^ adjustments required are 
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^ ;depen,denl on the relative costs of the different 
, equipment. This ^ study assumes that .com- 
parisons are made between systems using the 
§ame type of f onventiona] equipment. 

Energy Costs ^ . 

It was ^hown in formula's 7 and 8 that the 
amqur\t of energy supplied by the solar equip- 
• ment must be known before a uniform annual 
cost aumber can be f(5und. It will be shown later 

* in this chapl^ that by examining the variations 
in cost and'performancelhat occur w hen v arious 

•amounts of collector area are used? the system 
can be sized to provide energy to the building a] 
. minimum cost. A useful number for determining 
the* proper size is the cost per unit of energy 

* delivered to the building. This^number is called 
' the ''energy cost", and it can be computed for both 

^ solar and co-nvention^l systems. , % 

The energy cost of sofar energy is found by 
dividing the annual solar "fuel" cost in formula 7 
bi' the amount of energy sufiplied by the solar 
equipment each ^ear. Since both the cost and the 
^ annual performance of solar equi{>ment increase 
as the amount of cojlector area increases, the 
4^ energy cost vari,es with the'size of the system. 
The sokr energy cost is found using formula 9. 



Tfie remaining sections of this cliapter discuss 
solar* costs and performance and sliow how a 
s> stem can be optitnally sized wjierithe nature of 

variatiohs in the en^ergy^cost is kno\yn. 

•u ^ * 5 . 

The energy cost oTconventiofilal fuel? is found , 
by dividing the annual conventional fifel cbst i^b 
farmula 8 bji the annual' totaF^nlount of erfergy 
supplied by .the conventional systepi. *When 
cunibined heating and cooling is considered, the 
energy co'st must be calculated by adding the cos't 
of heating to the cost of cojoling .and dividing t^ie 
• sum by the total aiVfount of energy used by botFi 
lyp'es of equipment during (the year. This calcula- 
tion is shown in formula, 10 where the efficiency 
of air conditioning equipment is expressed as the 
"coefficient of performance". - 

Since the conventional heating and cooling ' 
energy cost depends on the relative^mounis of 
enel^gy required forheating and cooling, Ihelevel 
of the cost will change from year to year.^If data^ 
fqr an aVerage year is used to corr\pute this cost, 
the same data must be \used fpr the^ solar 
calculations. However, a sim'pTificatipn re^sults 
when heating is compare d alone. In this case, th^ 
energy for cooling is zero, and ,the fenfergy for 
heating h equal to the total annual efiergy use. 
Thus, formula 10 reduces to formula iX fof 
heating compnr^sons. - - . ° r — ^ 
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Components of Cost 

The purjchaser of a solnr heating and cooling 
system today pays a price that is determined by 
four different types of cost: engineering cost, 
material cost, labor cost, and marketing cost. The 
m^te^ial. labor, and marketing costs are^each 
composed of two components: a constant cost 
component that does not vary vyith the size of the 
system, and a varying cost 'component that , 
increases with the system size. The varying 
component consists of collector costs which 
generally vary linearly with the total Collector 
area, 

- ^ 7/- 

, CommunicdUruns, with several companies 
pr€fstntl> producing sular components and 
installing soKi^ heating systems, and withjthe 
iTidnagers uf sev eral solardeniJHjstration projects 
,in the United States have yieldecl data useful in 
estimating the mcignitude of e^ch cost- compo- 
nent. Additional * information is available in 
contractors' reports 1o the 'NSF-RANN -Phase 
Zero Feasibility- Sfudy on Solar Heating 'and 
Cooltfig of Buildings (1).. The constituents of eadh 
cost component are discussed in this section. 
Then dollar values for'^Sach component are 
chosen from the cost data to serv-e as inputs to the 
cost tumpdnsons. Cost figures dre4assembled for 
.a system providing heating aqd cooling in jj 
single fdmil>, detached residetlLe. Th^vdriatiuns 
in costs thdt oct,ur betwt^en different. cit4<2S are 
,nol considered. 

Engineering' Costs * 

Engineering costs, which include ch^ges for 
installation drawmgs and £;eld iristruction, 
observafian, and inspection, are usually paid to a 
^firm of consultmg engineers. The cost for the 
drawings can be considerable because they 
include design information based on an engineer- 
.fng analysis performed for the specific locaUon 
and for the t>pe uf the structure. Fiel'd supervi- 
sion requires visits b^ an engineer or technician 
at thejob sitethroughout the construction period. 
As the number of solar installati'ons throughout 
the country increases, engineering costs will 
decrease substantially or perhaps disappear. 
Increased knowledge of ,the system size re- 
quirem6nts for jianous locations and standar- 
dizaflion of design will enable the^purchaser, his , 
architect, and jhe budding contractor to choosjB 



from among several different designs. At present, 
however, the consumer must obtain thesp serv- 
ices at' a cost of abdut $1200,^ ^ * ' 

. Material Costs 

Material costs are those paid by (he equipment 
supptJ^rs to obtain the materials from which the 
tsotar equipment is assembled. The conslaHt 
component'of this cost is composed of the costs of 
the pumps, tapks. heat exghangers, valves, 
pipelines, and fittings for a water system, -©r -the 
costs of ductwor^ louvers, pebble bed. and 
blowers for an air system. Actually, the required ^ 
sfze and amount of most of this equipment does 
vary somewhat v^th* the size of the system. But 
the amount of variation is highly dependent on 
oharacteristics of * thfe ^specif ijc installation 
(lengths of pipeline or dUctwork^^* num"ber ol 
fittmgs, etc.], and this aspect cd*i\ not beincluded 
in a general cost study. 

The cost of the storage unit js also treated as 
.constant in thi^ analysis, T}ie performance of a 
solar system is -samewhat insensitive to the 
storc^ge cap^acity- for the' range of system , sizes 
normally recjuired in the Ufiited States (16). 
Therefore, it is economical to size the storage unit 
on the basis of standardly available equipment. 

The addition of cooling capacity to the system 
involves additional equipment tfiat usuall^^ costs 
substantially more than a conventional electric 
air conditioning system. Since absorption air 
CQAolitloneVs, adapts .for sojar hjeat-are nat yel < 
sold 'commercially, equipm^t b^frflt for natural 
gas firing is currently converted for use in solar 
.cooled buildings. The cost attributable to the 
SfJlar system'is calculated by subtracting the cost 
of a conventional cooling system from fhe to'lal 
cost of the solar cooling additions. 

The dollar value Jor the constant material cost: 
used in^this study is^based on the detailed cost 
accouftting performed on the recently con- 
-* structed Solar House I at Colorado State Univer- 
^ity where a water system was used (17].Table2 
contains a breakdown of costs by equiptnent 
type. The constant material cost of an air system 
is actually somewhat less- (18). 

The Variable component of th'e material cost is 
the material cost of the collector. The cost of a flat 
plate collector built for either water or air as the 
distribution fluid is composed 'of costs for a 



Table 2: Constant Material Cpsts (1975) 



Item 



Solar Heating 



Cost 



$250 
50^ 
400 

' 50 
50 

300 ' 
, 200 

$1300* 



Thermal,Storage Ttink 

Collector Pump ./ 

Collector/Storage Heat Exchanger . 
Domestic Water Preheat Tank . . . . 

Automatic Bypass Valve 

. Associated Pipeline. Valves 

.Fittings, etc •. 

Cof;trq) Instrumentation 

Heatipg Constant Material Cost Total 
Cooling Additions • . ^ 



S-Ton Modified Absorption 

Cooling Unit • '$2000 

Cooling. Tbwer • , 600 

Cooling Tower Pump ' ^0 , 

Conventional Cooling , 

Cost Ad|us|ment -100Q " 

Cooling Constant Material Cost Total $1551$ 

TZ 7Z '. ~_ ^ • 

Source^ Colorado State University Soiar^House I (T7) \ 

•colleclorplale with Iheenergy absorbent surface 
coating,' one or fyvo glass cover plates, and 
insulation* The^ater type requires tubing on the 
surface of the collector plate and th-e air type 
requires diictvyprk behind the collector plate. The 
material co3ls foij^^oth types of collectors are 
about the ^ame. 

Collectors can'be either assembled as they are 
.installed at the job site dr preassembled in 
modular fo'rm at a factory. The material cosf of 
the latter is greater due to the extra shjB^ metal or 
wood used to mak.e theenclosure. The marketing ^ 
ofmodular collectors adds.even more to the cost.^ 
However, the rediiction of as^eiijbly costs due to ^ 
factory mass production techniques might offset j 
the additional material, costs' if high volume^ 
production occurs. 

'Table 3 shows the percentage of the collector 
material cost attribut^ble.to each major niateriaL ^ 
co*mponent» The range of values for the totsl 
^collfector material casts found in the cost data is 
displayed oji^^thewli-ne graph in Figifre 5. The 
placement of a dot on the graph indicates that the 
s^oirit was obtained fromproprietary ^formation 
supplied by a private collector producer. The 
^OuFces of pjher data,points are indicated with 
^p^cfial symbols. The njaterial c^t^^t of modular 
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Table 3: Collector Material Cost Breakdown 
♦ ^ 




Percent of Collector 


Material . 


Material Cost 




41% 


Glas^ 


20% 


Insulation » 


5% 


Backpan 


J 5% 


Miscellaneous Material ^ 


19% 


.Total 


.100%.. 


I 

' Source Private Coll'ector Manufacturer (see Appendix d) 







collectors has been adjusted forcomparisOn with 
collocf/jrs installed on site. A figure of $4.00" pBf 
sqAiare foot -is chosen to represent this cost,, 

Labor^Costs % . * 

• babor costs Tor a^embly of the collector and 
for installation (^he collipctor, storage unit, and 
other equipment makeup a substantial portion of 
the entire cosi. Laborers are supplied by a heating ^ 
- and ventilating contractor when an air system is 
installed aad by a plumbing contractor when a 
water system is installed. Laborers ma^ include 
plumbers, "sheet metal' workers,^elec4.ricians, and 
Carpenters. Estimates of the constant component 
'of the labor cost range from ^500 for the water 
system »t the Colorado'* State Uaiversity solar 
house to $1200 for an air system installed hy a, 
private cohtrgctoV. A $900 figure derived from 
estimates providejd ift the Westinghouse Cor- 
poration report represents a useable average (1). 

Th^ varying component of* the labor- cost 
consists of the collectpr assembly and rnstalla- 
tion costs, Assembly labar costs, of three 
producers of modulartcollectors are di3pTayed on 
the line graph' in Figure 5, The"* approximate' 
average of 75C per square feot is 16^percent of the 
total cost of matierials and labor for collectors. It, 
is* a soniewhat smaller portion of the actual 
selling price. . - 

Qolleclor installation costs are morp subsian- 
tiai than the assembly costs. Modular collectors 
and those assembled on site are usually instialled 
ae rectangular panels of about 20 square feet. 
Each panel weighs about 120 pounds and 
requires either two'-rfien or a crane for installa- 
tion. A private solarcontractorestimates a figure 
of*§1.25 per sq^uare foot for collector installation 
costs. • ^ 
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Figure 5. Display' of collector assembly costs (See 
Appendix C for listing of private companies*) 

When a collector assembly is installed oh .t'he 
roof of the building during builcling construction, 
collector instalfktiun displaces a M^^^O" of the 
rdofing labor oust. On the .other 'hand, if the 
collectors^te installed on a separate structure as 
usually* required for retrofit installations, ad- 
•ditiondl material costs of about $2:00-p6r squar? 
foot ane lieceSsary for the structural support. 



Marketing Costs ^ ^ 

lOt>r^eUng costs ar^ the price mark-ups that 
occur a-t each link in Jhe supply chain! In this 
analysis, the mark-ups on niaterials or com- 
ponents that ar€ not tinique to solar heating and 
cooling systems are ir(cluded in the material cost. 
Solar. matkelijTg costs 'may be added by the- 
'collectqrjfaclDr>ii by lhecollectordis)|UjMtoi», and 
by the solar system contractor. At »acn level; the 
marketing cost is composed of operating 
overhead, "profit, inflationary- contingency, and 
'transportation costs. , 

Cbnstant marketmg cysts are those which are 
added by thebuilding contractor to all equipment 
except the collector. Currently/ mark-ups of 
^about 40 percent are being ch^pged by solar 
contractors. However, this figure will decreaseif 
continued solar industry growth induces com- 
petition among contractors. The marketing cost 
of the collectors is composed of a 10 percent 
mark-up at the factory and a 30 percent distribu- 
tion mark-up. Since the contractor should be able 



^ to obtain colle(?iflj::^l^factory prices, a cotnposile 
58 percent mark-up can l^e -expected on the 
varying cost component when the contractor's 
*mark-up is added! ' 

At this point, fhere may^ be some confusion^ 
concerning what is .medfnt by a mark-up of a 
certain percentage. The mark-up percentage js 
the percentage of the to|al price, including the 

. mark-u'l), that is contributed Ijy tbecmark-yp. 
Solar costs are summarized in Table 4 and are 

« displayed in a graph in J*igure 6 for collector 
panel assembly-areas up to 1000 squareieet*.' 

It should be' recalled tl]at only those c^st? 
associated with' the \:ollection and storage of 

. solaif eaergy are included in the solar tJSsl 
accounting. The solarsystem equipment that is 
nornially installed as part of a conventional 
system, such as the distribution ' system and 

* ^auxiliary heating and cooling equiprtient, is not 
included. This is done so that ^tlje costs- 
designated as "Bolar costs" can be compared with , 
the operating fuel costs of conventional healing 
and cooling systems. - ^ 



Potential Cost Redudtions 

./ 

Tbe potfintialjor reduction bf solaV equipment 
costs has been a topic of debate for several years. 
As previously mentioned, engineering costs are 
expected to decrease substantially over the next 
few years and collector assembly costs o^n be 
reduced with mass production techniques. 
Moreover,, solar system assembly l^J)or re- 
quirements may de(\rease with design im-. 
provements aimed^at minimizing construction 
time. 

Material costs will more likely increase than^ 
decrease, since material costs in all industries-a^ 
on the rise. Only design* innovations -utilizing 
*fewer and. or less expensiA/e materials will lower 
material cos^ts. The constant componeijt of Ihe 
material costs is almost independent of futu|;e 
^ mass production efforts »since most of the' 
equipment comprising this cost {pumps, valves, 
pipes, etc.) is already mass prodticed. Marketing 
costs will decrease proportionally with any 
material or labor cost decrease.. Increasing 
competition may decrease the rnark-up percen- 
tages by a small amount. 



Tjible 4: 1975 Cost Suininary 



Performance Characteristics 



Typeot, 
Cosf 



Constant' 
ComponelTV($) 



Varying*- 
Component 





f 






1300 


4 00* 




, yuu 






1467 


6.00' 


Engineering * 


1200 




Total 


4867' 


12.00 


Cooling Additions 








1550 . 




Labor and Mark-up . . . 


• 1033 ' * j 




Total 


2583 ^^^y 




Heating & Coohng Tfftal$ 


7450 

« 


12 00 



Does not vyy witti collector wee 
** Same collector cost per ^uare foot 

fS/S Cost Summary 




Figure 6. l975 a^Xs in 1975 dollars for a. r^idential solar 
heating and cooling system without mass production or 
advanced^col lector design. 



The economic 'feasibility of solar heating and 
cooling iS^highly dependent on th^^ility ofihe 
solar equipment to provide energy and pn the^ 
amount of energy required each year to heat and- 
cool the building. Thisi;^ependency makes t,he 
Economic evaluation highly specific to locations. 
ThQ^e areas of the country with* characteristical- 
ly .liTgli heating'and/or cooling loads and plentiful 
.amounts of sXinshine are thebest candidatesfor a 
solar installation. In such locations 'small 
systems can, supply large loafl requirejnents. 
Areas v^ttb high -thermal loaJs and small 
amounts of sunshine and are'ss v^ith very lo^w 
load are less likely to be econoifiioal sites..,. 

Rbr example. Miaiui is a poor location for solar 
space heating because^the yearly heating deniand 
' is very -low. It is. however.^an excellent site fqr 
solar cooling and domestic v^ater heating because 
of hijh insolation levels and high cooling 
requirements. I'he evaluation becomes coniplex 
4n .locations with more complicated weather 
characteristics. The weather>conditions in most' 
parts of ik& United States vary over a wide range 
during the year. Thus the performance evalua- 
tion of a solar space d^itiojiiqig, system is 
, usually a difficult task requiring^^a^arge aniou'nt 
^ of data. • " . . 



Performance n/Todei^ ^ • - 

Mathematical raodelg.. programme'd on wm-v 
puters can accurately simulate the operation- of 
^olar heating and cooling systems at any location 
for which ^emperajure and insolation data is 
available. Useful' performance information is 
obtained in the form ot^a graph -relating the 
amount of energy 'deJi^r^ to thaload each year 
to the size of the coUectoF. TJiis irj^ormation is 
obtained.by simulptit^g a*year of operating,time 
f5j:^everal different system sizes^ «> ^ 

i^erformance curves for various locati^s can 
he compared ''by dividing, the solar energy 
' delivered at each* system size during a typical 
year by the total energy^ demanded during the 
yea;*. Tfie quotient is a number between zero and 
one representing the fraction of the load supplied 
by solar fenefg^. This term*is called the "solar" 
fraction." < * • * 
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Tfee performance models' of greatest accuracv 

are.those which use hourly weather data for'an 
^ entire year. Equations based on the design 

characteristics of the system relate the hourly 
* operation ofji^e system to relevant parameters of 

the weather data. The d^ta is chosen to represen^t 

a typical ye^r at the location. ' 

The accuracy of a model using hourly data is 
not required for the purpose of this study. 

J[nst^ea d, a simpler les^ accurate model using 
average monthly data is used to obtain perfor.- 

^mance /Curves for solar space heating and hot 
water systems in 20 U.S. cities. This m'Odel, 
recently developed by Klein, Beckman, and 
Dufjie at the Univer^y of Wisconsin, is based on 
the results of'si'mulatigns tjiat actually-use data 
which is averaged each half hour for theheating, 

, period of an* entire year (6). 

The method uses a set of curves on a graph 
called an "f-chart" to determine the averagesolar 
fraction that can be expected during a one month 
period of operation. Monthly averages, of solar 
radiatiorf, tetnperatiire, and heating ^ re» 
quirements are combined in the f-chart with 



collector absortnance, coUect-or Tieat loss, and* 
other system pajameters. In this study the f- 
chart was adapted foFQw^ a computer so that 
performance calculations could be m^de rapidly, 
Weather data was obtained fromreference io and 
radiation data came from reference 19. The 
system parameters that were used are described 
below. A similar model for eslimating the 
performance of. combined heating and cooling 
systemsis not yet^available, Other Sflla^rheating 
modelsusing monthly a-veragedata aredescribed 
in ^references 21 and 22. :^ • . 



—Performance Curves 

Performance curves for a residential solar 
* heating system in' the city of Boston, 
Massachusetts are shown iaFigure 7 for collector 
areas up to 1000 squa're feet. The residence is of 
average size with a flo.or area of 1500 square feet 
and a heat lo^s of 17,204 BTU per Fahrenheit 
degree da^ . Water is also heated for domestic uSe. 
Two curves are displayed. 'fheloWer (;.urve is for 
typical flat plate collectors. The higher curve is 
obtained using advanced design collectors with' 
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Figure 7. The range of solar heating performance variation in the U.S. is shown hare. Solar Fraction i^thefractionofthetotal 
annual hea.ting toad that is supplied by the" solar equipment.. 



75 percent less heat loss and with an absorptive 
ability (glazing transmittance— plate absorption 
product) that is 15p"ercentgreater. In terms of the^ 
parameters used in the model, the collector 6f 
average efficiency is described by a heat loss 
coefficient FrUj = 0.862 BTU/h^-^F-ft2 and an 
■ energy absorption'coefficrent Fr(> c<.).= 0.72. The 
high efficiency collector is described by TrUi = 
0.272 BTU/hr.'°fMrand Fr(>o<) = 0.83. These 
values of coeff-icients are currently achieved by 
evacuated glass ^tube collectors With jbvv lead 
glass for high radiation transmittance and a 
special collection surface for high absorption of 
incident radiation {7}^ Water is used as the heat 
transfer medium, and the storage urfi t contains 15 
pounds of water (1.8 gallons) per square foot of 
collector area, providing'' storage for. about 2 
^ sunless days during the winter. The coll^ector 
faces sou-th and is tilted at an angle from the 
horizontal equal to Boston's latitude plus 15 
degrees .lo obtain ^maximum winter heating 
performance (16). The performance of an<air' 
system mth a similar amount of storage capacity 
is^appro\imately the 6ame. 

^ In the range of small collector areas, perfor- 
mance is limited by the^ability of the collector to 
absorb the required energy. Hence, performance 
increases rapidly>with the'size of the system. At 
large collector areas, perforrHance is limited by 
the availability of sunli'ght, a large increas&ln 
collector area is required to obtain a small 
increase in performance. 

The ranger.of variation in performance across 
' the4JnitedvStatesas shown by including in Figure 
7 a perforniance curve fdr Miami. In Boston, high 
heating loads and limited "sunshine combine to 
, create mediocre performance. A systepi .wjth 
1000 square ^eet q\ typical flat plat§ collectors 
V §upplies*only 70 percent of thetypical residential 
load. In Miami low heating loads and plentiful 
sunshine enable 125 square feet of collector to 
. provide noo percent of the heating needs in a 
typical year. Performance curye^for the 20 cities 
*analyzed in this study are included in Appendix 
. A. . , • . • " : 

5 Cost Curves and Comp 

^An_ objective of gr£at importance to the 
• selection of a heating and cooling system is 
minimization of total cost. The cost of fuel for 
climate control jwith Systems using conventional 



fuels is the fuel -price adjusted by thec'o^nv^ersion 
efficiency and.by a factor accounting for future 
price increases. The, selection of the system 
»which mmimizes fuel costs involves the simple) 
comparison of the cost per BTU'for each fuel. 
This cost is almost independent of system size. 

The selection of the sysjem'charact'cristics is 
more difficult when solar energy is involved.The 
varying nature of solar system performance 
characteristics and the»rapid increase of system 
costs with collector areas causes the cost of solar 
energy per BTU«to va^ry with system size, The 
total annual cost of heating and/or cooling with 
solar equipment and auxiliary energy also varies 
with system size. The general nature of these 
variations is shown in Figure 8. The upper curve 
showg the solar ''energy, cost" in dollars per 10^ 
BTU of heat delivered and the lower curve shows 
total yearly heating cost for th^ entire system. 

^ Two 'types of solar energy costs are involved: 
average and marginal. Tlvese co^ curves are 
constructed by^ combining the resjults of the cost 
model and the performance model. The average 
cost curve is generated by dividing the annualj^ 
cost for several different system size^ by the 
quantity of solar energy supplied with each 
. different collector area. Yhe marginal cost is the 

, change in cost that is brought about by^a sm^li 
'increase in collector area, divided by the cor- 
responding increase in solar energy supplied to 
the home. The marginal cost curve is generated 
by finding the niarginal cost at several different 
valyes of the solar fraction. > 

It is seen that minimum points occur on thecost 
curves. When the solar System is built to provide 
the capacity indicated by the minimum point on 
the average cost curve, solar ejiergjy will be 
delivered at the lowest possible unit cost.. 
However, since this system size does not.meet the 
total load requirements, coiiventionaHfuel must 
Ue used to supply the additional energy. The 
determinati(W of the most economical size for the 
sol^r system is theitefore dependent on the energy 
cost of the conventional fuel.^ ' - 

The adjusted Cost of conventional fuels defines 
9 horizontal line, rather fhan a curve, on the 
energy cost graph* If the average tost curve dips 
below this line, the total cost curve shows that 
* the optimal system size (the size for minimum 
total cost) is found ^t the intersection of the 
increasing portien of the -marginal cost curve 
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FIflur* 8^ The.general nature of cost variations with solar 
fraction is shown here. The upper graph displays separate- 
ly the solar and conventional energy costs ($/.10* BTU). 
The lower graph shows the total annual cost ( S/yearfof the 
combined solar and auxiliary systems. 



w'ith the conventional fuel line. At this point the 
incremental costs 6f supplying energV by both 
means are equal, and increases in the portion 
suppliecl by either source results in hrgher total 
energy costs. 



If the ayera'ge cosi curve do^s not dip iJelov^the 
conventional cost line, solar heating and cooling 
is not economical, 'in the normal sense, fpr the 
particular location. It is possible, though, that 
considerations other than price, such as cortveiv 
tional fuel scarcity and environmental preserva- - 
tion» may suggest to some persons that the "-true 
cost" oj the conventional fuel is, somevy^hat 
. greater than the price that ^ists on the market. 
These considerations are qualftatively treated in 
detail in the third chapter. 

. Figure 9 shows the average 1975 coSt curves for 
solar heating (alonefin Rapid City, South Dslkata 
and Boston, Massachusetts with the magnitude 
of the cost components display'ed^s afunctionof 
solar fraction, Gosts per million BTU were 
computed for collector areas between 50 and 1000 
square feet. Rapid City is a favorable location 
with plentiful sunshine and high heating load. 
Boston hasasimilarly highheatingload, but poor' 
performance due to low levels of winter insola- 
tion causes high" costs per unit*of solar energy. 
The minimum average cost \n Rapid City is 
$10.50/106 B7u^ whereas Ihe minimum in Boston 
is $18.80/ WBTU. 

The level of the material cost indicates^ low 
limit to cost reducing efforts with current 
designs. Figure 9 shows that at the minimum 
average cost point, material costs make Op 31 
percent of the Jtotal cost^ with assembly and 
installation labor contributing ♦ 18 percent,- 
marketing responsible 'for 40" pel'cent, and* 
engineering adding 11 percent. Reductions in 
engineering, 'niarketing, and labor costs may 
occur due to mass production and widespread 
use. Design innovations might induce reductions 
in material costs. Chapter 3 presents cost 
analyses for each of the 20 U,S, cities using 1975 
cost$ and coats derived from 2 cost reduction 
scenarios. 
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Figure 9. The relative importance of the different cost components in Boston and Rapid City Is shown. Ttie numberson ttie 
top curves .show the collector areas corresponding to the solar fractions. 
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CHAPTER 3 



Solar Heating and 
Cooling in the Umted 

« 

* 

The method of ecgnomic analysis developed in 
the previous chapter is now applied to solar hot 
water arid space heating in a-new (not retrofitted) 
residence in various locations across the United 
States. The convenience! of the University of 
Wisconsin solar heading performance model 
which' requires only monthly average inflation 
^and weather dat^ enables the use of current and 
projected system cost an3 performance figures to , 
perform economic analyses for several cities. 
Three sets of cost-performance numbers are 
used: costs and-typical performance available in 
1975, estimates of reduced costs achievable with 
mass .production of flat plate collectors, and 
projected costs and performance achievable with 
mass productionx)f an advanced collectordesign. 

A codvenien-t performance ^model is not 
currently availabl^Jor solar cooling, due, in part, 
Jlo the uncertainty about cooling unit perfor- 
mance. However, cooling performance is 
somewhat similar to heatipg perfcrrmance since 
both depend on heat eifergy from the sun,^and 
both are closely related to the energy demand 
^heating and cooling loads). Hence, - some 
generalizations about cooling can be made from 
observations about heating performance. A* 
hypothetical example based on the cOst estimates 
for cooling ^equipment and on assumptions-* 
concerning cooling system performance shows 
how the addition of cooling equipment to create a 
combined heating and cooling system infjuences 
the economic comparisons. 

Other important considerations are necessary 
^for an assessment of solar heating and.coolirig in 
the United S^tates to put the economic analysis in 
its proper perspective.. These issues include the 
national security and* environmental benefits.. 



states 




from, and the institutional barriers to the 
development of sola* heating and cooling in the 
United States. Thes'e issues involve considera- 
tions which both improve* and' question thfe 
potential for widespread solar development. 



Economic Feasibility ^ 
of Solar Heating: 
' Twenty U.S. Cities 

The ^selection of 20 cities for careful study of 
the economic feasibility of installing solar 
* heating equipment on a detached residence is 
made on the basis of seyeral consideration's. 
First, all of the major geographic regions of the 
. country are included. Large population centers 
are also included since great amounts, of energy 
are used for . climate control in urban areas. 
Several cities that are .subjects of previous 
economic studies (most notably the eight city 
study ofLof and Tybaut-in references 10 and 16) 
are selected for comparison of past results with 
those from the present analysis. A final con- 
sideration 'is -the ayailabiUty of data for perfor- 
mance calculations. This study has^elied on .the 
insolation data for 80 cities assembled by Liu and 
Jordan and on temperature and-degree-day data 
compiled by the Environmental^ata Service of 
^ the* National. Oceanic and Atmospheric. Ad- 
ministration (19, 20). ^ 

The reference building in all cases, is a-single 
familytdetached residence with 1500 stjuare feet 
of floor area. The heating system characteristics 
are the same ♦those used to generate, the 
performance curves in Chapter 2 for typical aitd 
advanced'collectors. The coilectqris assume^ to 



face south in eathf city^with'a lilt toward the 
vertical equal *to the city's latitude plus 15 
degrees. ^ * • • • 

•* " . • * . 

Sojar Cost Reduction Scenarios 

Average cost curves have been gener'^ed {ot 
three gases covering the three sets of co^ 
performance figures. Case I describes the situa- 
tion in 1975 with typical flat plate collectors, a 
total constant co§t of $4867 and a total ^rfing 
cost of $12 per square foot.CasellisthecoHector 

*mass production scenario. Mass procjAicllon of 
collectors using assembly lin^ t-ectinifflies is 

. assumed to reduce Assembly costs by 50 percent. 
Also a reduction of collector installatiorucosts of 
25 percent is used to indicate design im- 

^proyements aimed at simplified installation. 
addition, it is assumed .tljat by the time mass 



production occurs the design of solar heating 
systems will have.standardized to theextent that 
engineering costs are rediited to include only the 
cost of drtlwings for the particular installation. 
T^h^e mark-ups on the constant and varying costs 
are also reduced to indicate a competitivejnarket 
for sofar products. The components, of the 
fnaterial, labor, and ma<*k-^p costs that do.not 
vary with system size (constant cdihponents) are 
not reduced because the system comjitneats 
accounting for these bost^ are already being 
produced on a large scale for general use in the 
construction industry, and mass production of 
solar collectors will not affect their prices. Total^ 
constant costs for. Case II arei$35b5, ancf total 
varying costs are $9.66 per square foot. One 
producer of air type *solar ^heating systems 
, expects to provide the installed system at prices 
near'-those of Case II in 1976 (18)'. The constant 



Table 5: Cost^Comppnents for the Three Cases 
Constant ($) % Variable ($/FT') 



CASE I: 
Material 
Labor . . 



40% Mark-up 

.Engineering 

Total Constant 



1300 
900 
2200 
1467 
1200 
4867 



P/aterial 

Collector Assembly . 
Collector Installation 



50% Marff-upr , 
Total Variable 



4.00 
0.75 
1.25 
6.00 
6.00 
12.00 



CASE II: 
Materiaf . 
Labor ^. 



35% Mark-up* . 
Engineering . . 
Total Constant 



^ J^OO 
^ 900 
2200 
1185 

120 , 
3505. 



Material .' 

CollechDr Assembly . 
Collector Installationr 



45.% Mark-up . . 
Total Variable 




CASE III: 
Material 
Labor . . 



35% Mark-up . 
Engineering 
Total Constant 



1300 , 
900 

2200 

1185 
120 

3505 



Matenal 

Collector Assembly . 
Collector Installation 



45% Mark-up 
Total Variable 



.^2.00 
0.37S 
0.94 
3.315 
2.215 
6.03 



CASE 1—1975 Cfosts with Typical Flat Plate Collector 

CASE il-Mass Production Scenario 

Condniopi. ' \- 

t) Engineering Reduced 90% 

2) Colfector 'Assembly Reduced by 50% 

3) Collector Installation Reduced by 25% 

4) Constant Mark-op Reduced to 35% 

5) Variable Mark-up Reduced to 45% 

6) Typical Flat Plate Collector ^ 

CA^E Ill-Mass PriductiorvPlus'C^llector Improvements^cenario 

ConditK^ns. \ - / 

1) All Case II Assumptions except 6)\ 

2p Collator MateriaF Costs Reduced- bKso^i 

3) Advanced Design. High EHiciency Cortector 
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material costs of an air system are usually : 
somewhat lower than those of a water sy&t^m. ' 

Case Ill 'is ar scenaria assuming mass pcoduc- _ 
tion of advanced; high efficiency 'Collectors. 
Consist material, labor, and mai;k-up costs are 
again-unchanged, and engineering and collector 
labor costs are 'the same as Case II leaving a 
constant cost total of $3505. Collector material 
costs *are;reduced 50 percent in this case to 
indicate dfesign innovations which require fevyer 
and/or • cheaper materials than used for the 
typical flaf'plate collectors. Collector efficiency 
is increased by using collectors with 75 percent 
Jess h«at loss and 15 percent greatdr absorptive 
ability. The presumed collector cost is $6.03 per 
square foot. .The assumptions and cost com- 
ponqats for the three cases ^re supimarized in 
Tables. ^ , ' . 

Conventional Heating Costs* 

Data on the cost of heating with natural gas. oil. 
and electricity, has been collected from the 
suppliers of thes*e fuels in each of the 20 cities. 



The data is presented in Appendix B. Oil prices 
and winter rate price schedules foe natural gas 
and electricity current in September of 1975 have 
been used with assumed furriace efficiencies of 
67 percent for gas. 62 percent for- oil. and 100 
percent for electric^ resistance heating. Electric 
heat pumps' are not explicitly compared vi^ith 
solar heating. The efficiency of .a'heat pump is 
greater than 100 percent^ and it*can be greater 
than iOQ percefiVin mild climates. However, the 
Initial cost of a heat pump is greater than that of 
an electric'resistance furnace. In general.,the cost, 
of heating with a heat pump is somewhat less 
than with electric resistance heating.. . 

Whenever applicable/ fuel cost adjustment, 
charges in effect in late 1975 fiave been added to 
* the basic rales. Also, the rate^steps which lower 
the unit energy costs with increasing consump- 
tion haye been used in the calculations. The costs 
of oil heating have been included only for those 
cities in eastern parts of the N-ation where oil is 
used extensively for home heating. V 
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Average Cost Feasibility Test « 

The average cost curves for ihP'lhree cases are 
presented for each city in Appendix^ A. For 
example, the curves for Rapid City, Soi^lh Dak»ola 
and ^Boston, "Massachusetts are shc^wjnin Figure 
10. The economic feasibility of a particular case 
is judged by whether the minimum p'oint on the 
average post "curve dips below the lines (not 
rplotted) which would be defined by the cost 
Cpnventibnal fuels. Whenever this occurs solar 
heating .is more econqmical than the fuels . 
associated with" the lines that are crossed. 

Since the minimum point on the average cost 
curve is the determinant of econbmic feasibility, 
this point for each of the three cases in egch city » 
has been extracted fori presentation and com- 
parison with conventional fuels in Table 6. The 
minimum average solar energy cost is shown 
with the solar fract ion ODtained at minimum cost. 
Also shown are the energy costs of the alter- 
native conventional fuels as coimputed by for- 
mula 11 in Chapter 2. Since a nominal 8 percent^ 
interest rate is used to compute solar costs, the ^ 



conventional' fuel costs are adjusted by a 5 
percent inflation rate for the 20-y^ar equipment 
'lifetlfcie. The adjustment-factor D in formula 11 is 
computedpn this basis. No increases in the'Veal" 
costs of ftiels are assumed in computing the^ 
conventional heali{ig energy costs. 

Figure 11 contains the information of Table 6 
usipg bar graphs fqr each city placed near the 
location of tR^city on a map of theUnitedStates., 
The height of each bar indicates the level of the 
minimum average cost and the number ^bove the 
bar indicates the value of the solar fractionat the - 
minimum point. Conventional fuel costs are 
indicate!^ by dashed Jines drawn at the proper 
level to show cost in dollars per million BTU of 
heat. Whenever one of the three casesresults in a 
, bar with height less than some dashed line, solar j . 
heating is potentially less expensive than heating / 
with the fuel associated with the dashed line. 
When that fuel is the only viable alternative to 
solar heating and when a solar heating system is 
installed, a savings will result ov,er tHe.lifetime of ' 
the equipment. ^ 



Table 6: Minimum Average Solar Energy Costs Compared With Conventlonai Fuels 



Adjusted Conventional 
Fuel Costs ($/10^ BTU) Typical Performance ' Advanced Design 



Yearly , 
i-i eating 
,Lo^ds 
t10*BTU) 



Aibuquerque.Vj.M. ' 97^ 

Atlanta. Ga 75 

Boise, Idaho 122 

Boston, Mass r 119 

Charr^ston, S.C 58 

Cleveland, Ohio 126 

Grand Junction, Cblo ^ 117 

Indianapolis, Ind 117 

Lincoln, Neb. T^. 128 

Los Angeles, Calif. . 52 

Madison, Wis. 154 

Miami, Fla 25 

New York, N.Y 106 

Oklahoma Gity^ Okia 85 

Phoenix, Ariz. . : 48 

Rapid City. S.D.i.v 147 

San Antonio, Texas 48 

Santa Maria, Calif 74 

Seattle, W^sh ... ,103 

Washington. D.C. .\ ... 94 
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Figure 11. The heights of the bars show the minimum point on the^olar averagefcpst durves. The horizontal dashed Il^feare 
conventional heating costs adjusted for inflation. Solar heatinSfcairrbe cheaper than^a partial alternative when the baj^K'wer 
- than the dashed line ^^hen this occurs, the optimal sojar fracti.on is somewhat*greater than the solitr^ractipn that, yields the 
y minimum average cost. ^ i-' . Lj, , , ^ ' : . 



Table 7 shows the percentage composition of 
the minimum average cost for each caje. It has 
been found that the composition varies only 
slightly, across \he range of cities. This 
breakdown of costs shows which cost 'com- 
ponents are responsible for most of the total cost, 
-^and it enables the reader to speculate further on 
theeffects of changes in tKe values of these costs. 

Table 7; Cost Components as Percentages of Average Cost 



ty prict is assirtned, solar^heatingjs economical, 
whereas withoUt -the iflHto^as^ \K ■is;^ot 
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31% 
39% 
35% 


» 18% ■ 
19% 
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40* 11%' 
40% 2% . 
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The greatest savings is achieved by sizing the 
system so that the marginal solar energy co^t is 
equal to thealternative fuel energy cost. This size 
is found hy constructing a marginal costjai^e as 
describ An Chapter'%. The solar frlHtionYhat is 
associata^with tho gplima] system size can be 
us*^d to estimate the total collejctor area, the total 
capital cost of the solar equipment, arid the total . 
annual heating cost. Note that the optimal size is 
strongly dependent on the assumption concern- 
ing fupw conventionaPfuel price increases. 
Moreover, whenever solar heSting is economical, 
the optimaPsolar fraction will be somewhat 
greater than the solar fraction at minimum " 
average solar cost. i ^ 

Price Increases 

Since no increases *in-the "real" costs of fuels 
are assumed in* connpiuting the conventional . 
energy costs, the comparisons obtained from 
Table 6 and Figure 11 are only initial com- 
parisons. The comparisons change-- when 
assumptions are made concerning "real" pric£ 
increases or infjafion rates that differ fromibl' 
expected, iong-term- average inflation rate used 
to compute interest.rates. For example, if thecost 
of elegl^ric resistance heating in Charleston is 
assumed to increase at a "real" rate (in excess of. 
infla,tion) of 2 percent per year, the adjusted 
lifetime energy cost for electricity is SlS.S/lO^ 
BTU rather than the Sl2. 9/106 BTU figure 
obtainec} when no real increase is assumed. The 
minimum average-Case II solar fieating energy 
cost in Charleston is $15.1/10« BTU. Thus, when ' 
a 2 percent real increase inCharleston^'s eLectrici- 
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Increases ill the cost of solar equipment due to 
increasing material and labor costs do not enter 
in^o the comparisons above because after the 
solar equipment is purchased and installed, th6 
' owner is immune "to the effects of any price 
' increase However, when comparisons are m^de 
for purchases that'occur sometime in the future, 
^ these price changes are relevant. If the solar, 
heating system in CKarleston. in the example 
above is to^be purchased in 1978. the expected 
mcrease in Case II costs betv^een 1975 and 1978 
must be incorporated into the comparison. If the 
systen^s purchased in 1980, Case HI costs may 
be m^ appropriate, and the expected price 
increase between 1975 and 1980 must be used. 
These cost adjustments for future ^^urchases ar^ 
necessary because Case II and Case III costs are 
basecj on 1975 material and labor costs. It should 
be noted, though, that valid comparisons of 
future purchases can be made without these 
adjustments Jf rt is assumed that the costs of 
material and labor for solar equipment increase 
at t«e same rate as conventional fuel costs during 
•Mhe period between 1975 and thepurchase data.. 

Tablets shows the annual pd'centage "real" 
increases in;he prites of conventional fuels that 
are necessary Jo make solar heating economically 
Jeasible. The percentage increases are calculated 
Dy fir.st .finding the constant annual rate of " 
increase in the price of each conventional fuel 
that is necessary throughout the 20-year lifetime 
to make the conventional energy cost equal to the - : 
minimum averse solar energy cost for both,Caae 
II and Case III. This number is the same as 'V inv 
Chapfeii.2. The "real" rate,' given in Table VIII- is 
then found by substracting thq 5 percent inflation 
, rate from/'e." 

Note tha/eteSe II solar heating^an be com- 
petitive with electricity in 5 out 0^20 cities with 
no "real" increase and in 9 put of 20 cities witKfe 2 
percent "real" increase. Case III solarjieatingtan 
be competitive with electricity in 13 out of 20 
cities with no "real" incr^e and in 17 out of 2Q 
cities with a^^ percent "reaPiricrease. In addjlion 
Case HI solar heating will be competitive withoil 
^ heating ip l out of 8 cities with no "real" increase 
and in 3 ,out of 8 cities with a 2 percent' "real" 
increase. * 
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Tabl^ 8: Conventional FUet Annual 'Re^r Price Increases 

Annual Percentage Real ' Incr^eases in Fuel Prices Necessary For the Economic Feasibility of 
Case II ancr Case III Solar Heating ("feasible" indicates that no*increase is necessary) 
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Boston, Mass . 
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Lincoln. Neb 

Lo^Angeles. Calif 
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if ' 

Miami. Florida 

Vjew York, NY 

Oklahoma City. Okta . . 

Phoenix. Ariz* > — 

Rapid City, SO 

San Antonio, Tex . . 

Santa Maria, Calif 

Seattle, Wash , 

Washington. DC 
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Examples of Optimally Sized Systems: 
three Cities 

Three cities, Indianapolis, Los Angeles, and 
Washington, D.C. are chosen for a closer ex> 
amindtionof solar heating system characteristics 
and costs, and fo^ economic comparisons with 
electric resistance heating in each cit^. Marginal ' 
cost curvesliave been constructed for Casein and 
Case III solar heating systems on a topical single 
family residence in each city. The Caso.II sysjem 
is assumed to be purchased in 1977. Hence, all 
costs are inflated to reflect e?^pet.ted 1977prices. 
The Case IIT system^ assumed to be purchased 
in 19J30 and costs arelTlOEtCise inflated to reflect 
expedted 198Q prices. 

Two scenarios are treated. Scenario I assumes 
that there will be no "real" increase in the price of 
electricity during the 20-year lifetime of 'the solar 
equipment. Scenario II assumes that there will be 
a 2 percent'annual "real" increase in the price of- 
eleKtricily -dui'ing the 20-year4)enod. 

Whenever solar heating is economically feasi- 
ble, the optimal solar^ fraction is found by • 
locating ort the marginal cost curve the point 
where marginal costs arMpqual t« the iKljusted 
heating energy cost of electricity. The imstalla- 
tion of a solar heating and auxiliary system with 
the corresponding optimal collector size will 
provide heating to the home at a cost which is, on * 

• the avBrage,*fower than that possible with any 
other collector size. Whenever solar heating is not 
economicalFy feasible, it 'is assumed in the' 
exarnpled presented ^re that a system is built to 
supply the so|ar fraction which yields ?he 
minimum average cost. In these cases, a negative 

-savings or an economic Idss results if a'^solar 
heating system is built. 

The results of calculations fo^ the two* 
scenarn)s in the three cities are shown inTable9. ■ 
Note that the occurrence of savings and losses 
corresponds ^exactly'td the economic feasibi[itv 
indicators for these three cities i.n Tables 6 ary 8 
and in Figure 11. J^ecall that the optimal sol'ar 
fractions are average values/Fhis njeans that for 
a Case III sysle,m in Los Angeles, a system with 
an average solar fraction of 1.0 provides, on the 
average, 52 rndhon BTU per >ear. An auxilfary 
unit is still required because certain years- w^U 
have hep^ng loads grater than 52 million BTU. 
However, it a horneowner in Los Angeles is 
^ willing to fbleratea few uncomfortably cooldays 



or ris^k the occurrence of several cloudy and cold 
days, some additional saviags can be ^e alized by 
instajlingjLillle or no auxiliary equipment. 

Under the most favorable conditions for solar 
{gating treated here (Ca>e III under Scenario II), 
substantial annual savings result when solar 
equipment is installed. However, under t4^e least 
favorable conditions treated here (Ccisell under 
Scenario I) si/,eable losses can occur. These 
losses can also be interpreted ag "being the 
subsidy that would be required ta motivate a 
persomtb purchase a solar heated home under the 
conditions of Case II and Scenario I when 
electricity is the only available conventional fuel. 
A similar interpretation applies whenever jt* is 
found that under certain conditions solar heating 
is not economically feasible. 

*Do It Yourself Possibilities For Retrofits 

Home owners in America often avoid much of 
tho CQSt x)f home improvements l^y doing mo^ oP 
t*he labor themselves. If mass .produced solar 
equipment. is designed for retrofit installations 
and sold in kU form, substantial savings can be 
realized. Labor costs can be reduced tu the cost of 
collector assembly. Moreover, • much of the- 
marketing expense is eliminated since a building 
contractor is rtot required. / • 

For e>cample, if Case III costs shown in Table 5 
arej)lKiuced {o $1300 ^for the constjj^t material 
component and $4.00 per s^^^Tre foot for the 
variable component* a 600 squ>ire foot system 
costs $3700 whereas thef cost of a commercially 
installed Cas^ III system is $7123. In this case, 
"do it yourself" possibiirties represent a {30tential 
co3t reduction of as muon as 48 percent! 

Additional Considerationis for Cooling 

A solar cooling system r£quii*es almest all of 
the equipment in a solar heating system plus 
additional equipment for air conditioning. Thus, 
it is alnl^t always desirable to design a cooling 
system \b provide heating as well. It is ap- 
propriate, therefore, to consider the economic 
analysis of solar cooling as. an^extension'of the 
analysis for healing. ' ^ 

■ \ * 
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Unifcjfm 
- Anrjual 
Solar 
Cost? 
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Uniform 
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($/Year) 



\ Table 9: 3 City Comparison of Solar Healing With Electric Resistance Heating * , ^' . / 

. . / ' ' ' ' ' ' ' / 

' ' ^ '-^ '■ ^ i a , f 

CaseJI System Purchased in 1977 (1977 Dollars) . . Case III System Purchased in 1980 (198^ Dollars) 

, . . Uniform Uniform 

* . * Optimal Solar Annual Annual' Discounted , ' , Oplimal Solar 

)^ . * Qptimar Collector Capital Solar Eleot. Annual Optimal' Collectof Capital 

*W Solar Siie Cost' Cost? 'Cost^ ^Savings* Solar Size Cost' 

J Cities ' Fraction (fT?) ■ ($) . (^/Year) ($/Year) ($A^ear) Fraction' (FT?) {$) 

1) Scenariol:5%AnnualRateof Inflation, 0%AnnualRateot';Real"ElectricityRateIncreases ' , . • 

Indianaporis 0*45 434 . 8486 1596 1327 -269 ' 0.67 . 600 9091 

Los Angeles 0.82 ^ ^198 5977 ' 737 704 -33 1.0 240 6320 

Washington, D.C 0.59 ^ '^398, ,8103 1368 ^ 1321' -47 0.90 597/ ^ 9068 

2) Scenarioll:5%AnnualRateoflnflation.2%AnnualRateoj"RearClectricityRatelnqFeases " ^ ' >■ ' 

Indianapolis... 0.45. 434 "8486 1779 1660^ -1:^'-- !*;^,0.73 >752 ^ 10.261- 

Los Angeles '0.85^ 221 6218 766 881 ' ^. HS'^^^f;-^ , 240 -'" 6^320 

Washington, D a65 ^ 474 8912 1487 1652 165 / " 0S7 800 " 10 630 

• • ■ ' ■ ' 

'~ ' T : 5 

0 \ . i / i ^ 

'HndudM matenal. labor, marketing, and engineering costs lor solar collector and storage unit * 

' U m f 0 rrn annual cc^t of solar coHe^t or a^dstorago unit (ar^nual solar ''fuer cost) plus the amiiai cost 0 ' * • 
auxiliary electric resistance heating based on a discount rate of 8% for a period of 20 years and adjusted 
for 5% annual inflation * • ' • 

' Uniform annual cost 6f electricity for electric resistance heating based on a discount rate of 8% for a 
'period of. 20 years and adjusted fof.*Mrannual inflation 

' Savings are associated wit^ solar heating Negative savings indicate the subsidy necessary to make 
solar heating economically competitive with electricity " 



Discouhted 

Annual 
Savings* 
($/Year) 



1434 1537 103 
645 # 816 171 
1078 ' 1529 451 



1596 
645 
1145 



2034 
1079 
2024 



438 
434 
879 
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Electric Utility Load^Factors 

Solar ccoling has% physical-advantage over 
coTar hrra'ting Jhce the periods of t.me w.th the 
Sr a est cooling requirements (sunny summer 
dav% are theperiods mih the greate^^t ava.lab.h- 
fy of solar radiation. Currently, in.many southern 
Nations, electric utility <^r'TVZZuZ 
poor annual load factors (the "t.o of he annua 
peak load to the anrtual average load) because 
great amounts of electricity are req">red for.a-r 
Conditioning for only a port.on o each V-r 
Thus the large generatingequipment that IS Duut 
L supply tbis peak load is idle during much of the 
ye r This situation presents serious econom. 
'p oblems for utility companies s.nce la g 
-portions of their capital ,>nvestment c o not 
generate revenue during much of thfe year. 

Extehsi've use of so.lar cooling on new home 
construction^in sucb-areas would reduce he _ 
growth in .the eleptric peak load and hereby 
■fessen the. requirements for construction of 
add tionaTgen'eratinI..nits.= The greatest con-, 
ribu on from solar cooling woul occur on h 

1- u«r. fVio plprtr c tv demand due lo 
sunnv days'when ine eieLii.ii.uy 

onvehtional air conditioning - B-^J^'^^^^^^ 
the- peak is smoothed out by contributions f om 

•solar energy, and load factors are increased. A 
tlecalL^ationshpwst^hat.heconstruct.0^^^ 

• 5000 solar coaled homes each with a solar a. 
conditioning unit providing Jhree tons o[ 
refrigeration eliminates the need ^^out 50. 
megawatts of peak generating capacity at IM 

' local utility company 




It is- important to note, though, that the 
individual building owner will have h,s own 
economic interests in mind ,when deciding 
Xh'ornottpinstallsolarcoolingequip^^^^^^^^ 

If solar cooling is more expensive than electric a r 
-conditLning,' is-not I'^ely 'hat he wi cho^^^^^^ 
lose money in order to help 'h^^ocal ut 1. ty 
comoany solve its peaking problems. 1 hus, in 
arSs where solar coolinl is not econoiti.cal for 
' „d vidual buildings, the peak s"^ooth ng advan 
taees- of solar cooling -can. be realized on y 
thmugha subsidy to building owners. The utility 
companies mighl find it advantageous to c n- 
tribute to such a subsidiz^atiojn plan if the cost o 
tL contnbutian is less than the loss incurred 
from adding-^enerating capacity. 



An Example: Solar Heating and 
Cooling In Atlanta . 

* Consider a combined solar healing and cooling 
system with 400,ft^ oi collector area on a home in 
Atnta.Xhesolarheatingp^^^^^^^^^^ ^ 

totL:an.7s^.lt-ofthis7ze can provide, an " 
heaverage 87percentoft4ieannualheatingload 

f 75 Son BTU. Table 8 shows that so ar 
heating is ngt economically feasible in Atlanta ^ 
wh n Compared with electric resistanee heating . 
lless the "rfeal" price of electricity mcreases at 
an annual rate df at least one percent. 

An owner of a homeMn Atlanta who desires . 
both heating^and air -"diti^^ning in his h me 
might wonder hoW the addition of cooling 
Tauinment to a 400 f t^ solar system will affect the 
eSm c feaeibihty. The results of an economic , 
easibn ty study are dependent on assumptions 
rncerninV.he cost of solar^cooling equip-p^^^ 
the performance of the equipment, a.nd the cost ot 
alternative air conditioning sy^'^-^J^^^j 
in^' example for A^anta assumes values forsolar 
coo'ring performance criteria and for the cost o 
elecric air conditioning. Economic feasib.hty is 

• then expressed in terms of the greatest amount 
hat the' additional equipmenffor .solar cooling 
may 6ost for ,solar cooling to be as cheap as 
electric air conditioning! 

Assumptions , and Calculatioi)??^^'^ 

Performance Assumptions: . 499- ft^ of high 
efScy collector (Case III) .area and a thre 1,^ 
absorption air condUio^^^^^^ 

nn thp average, oU perceiu . > 

' bad It is' also assumed that with a three ton ai ' 
condi aner having^a coefficient of performance 
■ of 2 3 1200 hours of operation are refluir.d each 
. year in Atlanta to mavntain a comfortable indoor 

. tempecalure. 



• Electricity Price Assumptions: Two electricity 
opfce increase scenatibs are hypothesized which 
a^ he same ,s those.used in the solar heating 
Samples in Table IX. Scenario f: ^^^^ l^^ 
annuaM rate of inflation, zero P^^^f'?^^^' .^^^^^^^^ 
of "rear electricity rate increases. Scenario 11. 
F ve percent annual rate of inflation, two percent 
annual rate of'"rear electricity rate mcreases. 
• Other Assumptions: The system is to be 
purchased- in- 1980. The cost of purchas.ng^and 
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installing the dllernative three ton eletinc air 
concirtioner is SlOOO in 1975. Also, electric 
resistance heating is used, su that the home is "alf 
dectrict"' 

The unform annual costs of both the electric 
and^ solar systenis js_fciun(^-..u:sjj]Lg.X«rimila^6.i^ 
Chapter 2;'TKe "annualized initi-al expensef of the 
equipment for an electric air conditioner in 1980 
is found to be $130 per year assuming annual 
inflation of 5 percent and an interest rate of 8 
percent. The uniform annual operating expense 
of the electric, air conditioner is found to be, in 
1980 dollars, $202 per year under S-cenario J and 
$267 peryear under Scenario II. Similarly, the 
uniform annual operating expense of the electric 
resistance heater is foiind to be, in 1^80" dollars, 
$808 pej: year under So^nario 1 and $1070 per 
year under Scenario 11. 

Formula 12 which follows directly from 
Formula 6 i5 used tu determine the capital cost of 
solar cooling equipment which equates the 
^ uniform annual cost of solar heating and cooling 
with the lini/urm annual cost of electric heating 
and cooHns. 



requires an accurate performance model forsolar 
cooling and better estimates .of the purchasing* 
and installation'costs of solar cooling equipment. 

National Security, Environmental, and' 
.institutional Consicterations: The Role of 



the Public Sector 



The feasibility and desirability of using solar 
energy for heating arid cooling a building is 
dependent on other factors besides techrtical and 
economic contingencies. Several considerations 
exist which may influence ^building owner to act 
in a manne^" which is not normally cost effective 
when choosing a climate control system. Also, 
the institutional arrangements that exist in the 
locality of the building'may act to encourage or 
inhibit the installation*of solar equipment. The 
actions of the public sector of the economy, 
comprised of .the FejJeral, State, and local 
governments," must be considered since their 
effects on economic conditions can be- con- 
"^siderable. These issues are summarized here to 
show that a strictly -^conomic assessment is 



/Maximum \ 
Feasible ^ \ 
Cost of I 
Sotar Cooiing f 

I Equipment / 



'/Uniform Amiual ' 
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/UniformX • 
f Annual \ 
Cost of I 
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The capital cost uf a solar 'heating system 
purchased in 1980 under Case 111 assumption's is 
S7552. The Uniform annual cost of auxiliary 
electricity for both heating and cooJrng is S2(fe 
per year under Scenario I andS273 per w?arurider 
Scenario 11, both in 1980 dollars. | 

With the assumptions laid'out abovei Formula 
12 IS used to determinB that the ipaximum . 
feasible ujst of purchasfni^ and inslalling, solar ' 
cooling equipment in 1980 is S1605 under 
Scenario I'.and $41 5.4 under Scenario II. In 1975 
dollars,*thesf; costs are equivalent to $1258 under 
Scenario f and S3255 under Scenario II. The 
estimate in Chapter 2 uf the actual cost of adding 
Solar equipment in 1975 is^3583. Thus, under the 
assumptions presented /ere, a combination of 
lower solar uooling equ^^merit costs and higher 
electricity prices \s necessary for solar cooling to 
become economically feasible-m Atlanta. A more 
detculed and accurate assessment uf the economic 
feasibility, of combined solar heating and cooling 



inadequate to judge the feasibility or potential 
for utilizing solar energy. 

When a building is heated or eooled with a 
properly designed solar system, the occupants 
can be fairly sure that ti fraction of the total load 
approximately equal to the solar fraction will be 
delivered by the solar equipment during most 
years. Also, .once the solar system is purchased 
and installed, thecost of the solar energy does not 
increase. Until receni years, conventional fuels 
3Uch as oil, natural gas, arid electricity have also 
been reliable sources of energy with fairly stable 
prices. Recently, though, crises conditions h^ve 
caused all fuel prices to^increase considerably. In 
addition, fuel oil has required rationing, natural 
gas suppliers have cuf tailed supplies to many 
cities, and electric utilities have experienced 
"bruwn-outs." The occupants of buildings utilize 
ing solar energy for most of the heating or cooling 
supply are protected from shortages and price 
increases which threaten the coij^fort of oc- 
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cupanls of buildings utilizing conv entional fuels. 
Fuel price and supply fluctuations effect only 
th^t the i.odd, carried' by the auxiliary 

systeni. ^ : • • 

The measure of security obtained by occupants' 
of solar ^ heated and CQoled buildings will be 
translated into increased national "Security if , 
solar equipment is installed on a large portion of 
the Nation's buildings. The scenarios for solar * 
development and growth presented in Chapter I 
show that if high ieyels of growth occur, solar 
energy can supply a quantity of energy 
equivalent to several million barrels of oil per 
day. This quantity of energy would be supplied 
from a secure source Aha( is not, subject to 
depletion or embargo. ^ , 

The conversion of solar energy into energy for 
heating and cooling is a process which is 
essentially pollution free. If solar equipment 
replaces a large portion of the heating and cooling 
load currently supplied by conventional fuels, air 
"pollution problems will be reduced in areas 
where oil furnaces are prevalent. In addition, 
Ifealing and air conditioning will Be less respon- 
sible for the poUution problems caused by 
electric power generation. ■ 

When comparing the cost oT'solar heating and 
cooling with conventional heating and coolingon 
a dollar per unitof energy basis, the security and 
envirjonmental benefits of solar energy can be 
accounted by addingto theconventibnal fuel cost 
an additional cost reflecting the.cost of insecure 
fuel supply and environmental p^oUution^ The 
addition of this extra cost will improve the.cost 
comparison in^favor of solar energyi^y increa^ng 
the optimal solar fraction if solV is already 
economical or by raising the conventional fuel 
line to a level which is closer to the minimum 
point on the solar cost curve if it is not 
economical. " ( . 

It shiuld.be noted, though, that the owner of a 
single building has little incentive to consider 
national security or environmental protection 
when deciding wheth^ ot not to install solar 
Equipment. He will, however, value th6 comfort 
and ^economic security V the building's oc- 
cupants so he may includaahe cost of an insecure 
cpnven'tional fuel supplj^ when considering 
which type of system to use. National security 
•and environmental preservation are the respon- 
sibility of the public sector. The ^'ederal and 



State governments can take advantage of the 
national security and environmental benefits of 
solUr energy by'engoura^ing the building owner _ 
tt^ install solar equipmesnt'. This can 'be doae by 
forcing the building^owner to account foFthe true ^ 
cost of conventional fuels through Upward price 
regulation of these fuels and/or by subsidizing 
the purchase of the equipment. THis subsidy can 
occur in the form of a low interest loan, a tax 
deduction, or a grants 

Governmenl/can atsohtalp to lower solarcosts 
by investing mohey in spiar research, 'develop- ^ 
ment/and demonstration. Cases II and III of the 
cost curves show the improvements in economic 
feasibility possible with mass pro4;jction and 
• collector improvements. Th6 Federal Energy 
Research -and Development Administration 
(ERDA). has developed plans to support a large 
number of demonstration projects requiring 
much equipment which may stimulate private 
prpducers to develop mass production techni- 
ques. Research is also supported for the develop- 
ment of high efficiency collectors which may 
result in the pr*iduction of an improved, lower 
cost collector123,24). 

This discussion of public sector involvemept 
has focused on the initiation of nevy government 
programs that will encourage the use of solar 
energy. However, existing arrangements in 
governments and other institutions 9f ten present 
barriers t^heuse of the sun's energy. Legal codes 
and institutions in this Nation have built up 
around an energ^ supply system based on the use 
of highly conceritrated forms of energy such as 
petroleum aird natural gas. Distribution of this 
energy to residential'and commercial buildings is 
accomplished by using^ pipelines or wire cableSx 
which can be flexibly routed to connect almost 
any building to the energy source. When thrs 
concenti^ated energy is used for low temperature 
heating and cooling purposes,lt is converted tg a* 
lower grade or energy in the form of heat. , 

Solar energy, on the other hand, is distributed 
naturally in the form of low grade heat energy. 
Concentration of solar energy for use in the more 
conventional ways is accomplished only by using 
elaborate focusing apparatus. Direct "use of 
naturally distributed solar energy presents legal 
and institutional problems that are not en- 
countered* in the use of conventional fuels. 
Several studies, have been^and are being con- 
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"ducted through the s^upporl of the National 
Scienue Foundation, ERUA, and other agencies to 
assess, the nature of these problems and to 
suggest solutions. Some of the problems are due 
to the nature of the energy form, such as the 
requirement for unobstructed air space above the 
collector and the capital intensity of the installa- 
tion. Other problems exist because the concept is 
new Jo most people, and new arrangements are 
required within city governments, the building 
construction industry.'^^and the companfes that 
supply auxiliary fuels. 

It is Tmperative that the collectors for solar 
installations in the United States have an 
unobstryjgfed view of the southern sky. This 
requirement ehminales manv locations as sit-es 
for solar buildings because of natyral or man- 
made structures that block" the sunlight. This 
problem can be encountered in mountainoi|fe 
regions and in cities where highrise structures 
- are.numeruus. Sometimes special'structures fan 
be used to 'locate the collectors awa> from 
shadows, but the expense involved n\ay be 
considerable. . • 

. Even if a location has easy access to sunlight, a 
potenti^hfH^blem exists if adjacent property is ■ 
owned by another person.^ Under j^isting legaT 
arrangemejits, the owner of the ^djaceht property 
has the freedom to plant trees and build struc-. 
ture^ without regard for the sunlight that will be 
blocked. Widespread use of solar energy w^ould 
require that laws be set down establishing the 
right.of a property owner to recefve sunlight on 
his property. Existing zoning laws concerning 
the height of structures need to be modified to 
limit the construction of structures which block 
sunlight and to allow the construction of struc- 
tures which enable access to sunlight (4). 

Property taxes can create another barrier to 
widespread solar energy use (4). The addition of 
several thousand dollars worth of solar equip- 
ment to a'TTtulding increases the value of the 
building for tax assessmen-t purposes. Such a tax 
adds to both 'the constant and varj^ing cost 
components of the solaryequipment. These cost 
additions in turn raise th« average cost per unit of 
energy, ddv^rsely affecting the comparison with 
conventional fuds. Modifif.ation of tax laws to 
exempt solar equipment from property tax 
assessilient would eliminate tills , impediment. 
Tax Jaws can be further modified Jo encourage 



solar installations by reducing the taxes paid by 
owners of soJar heated and/or cooled buildings. » 
Such incentives can be conveyed through Federal 
and State taxes such as income and sales taxes as 
well as through local property taxes- An epcisting 
law which can improve the economics o£ solar 
heating a'nd cooling involves deducting from 
income taxes the interest paid on the loan used to 
purchase the equipment. ^ 

Another problem resulting from* the large 
capital requirement and alsofrom the newness of 
solar energy is the reluctance of financial 
institutions Jo provide purchasing n^oney at» low 
interest rates and long amortization periods. The 
annualized costs for the average cost curves for 
residential solar heating were generated using an 
interest rate of*^8. percent and an amortization 
period of 20 years. This type of loan can be 
obtained in 1975 for the purchase of a home. If the 
bank can be convinced of the reliability and fuel 
savipg' potential of solar heating and cooling 
systems, the same rates should apply to thesolar 
equipmSni. If, however, the banker insists on a 
lOryear amortization period, the average cost per 

- million BTU is'increased by 46 percent. On the 
other hand, loan* terms can provide another 
avenue for public sector* involvement in the 
encouragement of solar development through a 
mechanism which has been used extensively: the 
government guaranteed low interest loan. If the 
interest on the 2q-year loan used in the three 

' scenarios is reduced frorxi 8 percent to 4 percent 
through e/iactment of a Federal or State program, 
the ayerage cost per millionBTU is reduced by 28 
percent. This savings actually represents a 
transfer" of income from the general public -to 
those who choose to make use of solar energy. 

Anoijier institutional problem involves the 
labor 'requirements for the installation of sojar 
equipment (4). The division of tasks among the 
different groups of laborers involved in building 
construction is welLdefined for conventionally 
heated and cooled buildings. 'Agreements exist 
among Jhe various construction labor urtions 
concerning which types of laborers (carpenters, 
^ shefet, metal* workers, plu^jibers, roofers, etc.) 
shbuld perform each task. It is uncertain, though. , 
which type of workers should perform the tasks 
involved in assembling, a solar heating^and 
cooling system. For example, conflicts may^rise 
4)/tween the roofers' and plumbers' unions over 
the' responsibility for installing water-type 
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collecto);:s that replace the roof/ structure of a 
home. Work sharing rifles must be worked out 
through agreements between labor -unions, or, if. 
necessary, Ihro'ugh Statq and Federal labor 
relations legislation before widespread uonstruc- 
tion» of solar installations can occur. If 
agreements are reached at an early date, training 
programs on solar construction practices uan be 
sli-led within the unions to facilitate the 
transition from conventional fuels to solar 
energy forlieating and cooling.- 

Suppliers of conventional fuels, such as 
natural gas distributors and electric power 
utility companies, may be adversely affected by 
concentrated development of solar heating and 
cooling in their' serv ice areaSs Utilization of solar 
energy can potentially reduce the load grow th of 
these suppliers if solar equipment is installed on 
newly constructed buildings. However, a reduc- 
ed rale of load growth is desirable for some 
suppliers, such as gas companies faced with 
curtailed supplies and utility companies with 
overtaxed generating facilities. 

^ On the other hand, if asolarinstallationisbuilt 
to depend on these same suppliers for the source 
of auxiliary energy," load factor problem^s 
resulting from high peak loads might be exarcer- 
bated rather than alieviated. For example, if a 
large numhjer of buildings in ^n area recie^^ed 
most of their heating energy from^^the sun, the 
average load of the local natural gas supplier 
.would be much lower than the load that would 
exist if all the buildings used natural gas. 
However, iT*all of these buildings depend on 
natural gas for auxiljary energy, a long period of 
sunless days would require a peak level of gaS 
supply much larger than the av erage supply . This 
requirement might exceed the ability of the gas 
supplier to provide gas at a sufficient pressure. 



The problem can be inore acut<3 for an electric 
utility when electric heating is used extensively 
as a solar auxiliary fuel. This burden placed on 
fuel suppliers .might motivate them to charge 
excessive rates to cilstomers using their energy 
source as a solar auxiliary in order to receive an 
app-ropriate 'return on the investment required 
fur transmission and generation facilities. Thus, 
the helpful effects of solar cooling on peaking 
problems might be offset by inc problem of 
supplying auxiliary energy to solar heating 
systems. ^ 

One solution to the peaking problem might be 
.the use of peak pricing tq, encourage solar* 
equipment owners to charge their storage unit^ 
during hours that the energy demand from 
cohventional loads is low. Another solution is 
providing a tank at the solar installation for 
storage of a petroleum fyel to be used for 
(Auxiliary energy on a continuous basis or during 
periods that create peaking problems for elec- 
tricity ^nd natural gas suppliers. \^ 

In order to place the economic assessment of 
solar heating and cooling in its proper perspec- 
tiv e, this section has discussed the range of other . 
considerations that are necessary to judge its 
feasibility and desirability. These considerations 
involve and depend on the actions of Federal, 
^tate, and local governments and institutions. 
National security and environmental preserva- 
tion considerations may justify the involvement 
of the gov ernment in creating new programs and 
.modifying institutional arrangements to en- 
courage the crevelopmen} and utilization Of splar 
energy. Yhe proper degree of involvement is 
dependent on the attractiveness of other tiew 

^forms of energy utilization wjiich also provide 
benefits to the public when replacing depletable 

^'•^and polluting energy sources. 
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APPENDIX A 



Cost and Performance JCurves 
for Twenty Cities , 



^ - Solar Energy Cost Curves for Case^s I, ft, and III Plus 
Solar Performance Curv€S for Typical Flat Plate aijd 
Advanced Design Collectors / 

Note.- The Performance curves for tKp>ca>flat plate doJleclors>o denolVby 
' • "T". The performance curves for adv'dnc^dtles.gn collectors are,d^nol?'d by 
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API^ENDIX B ; 



' 1975 Costs of Conventiohal 
Heating Fuels in thq 20 Cities 



Tabl^: 1975 Costs of Conventional Heating Fuels 



Average* Fuel C6?t ($/ W BTU) 



City 



Albuqijferque, New Mexrc?o . 

Atlanta. Georgia 

Borse.jtiaho 

Boston, Massachusetts*: . . . 
Charleston, South Cacolrna 

Cleveland. .Ohi^. 

Grand Junctionfcolorado' . 
Indianapolis. Indiana 

Lincoln, Nebraska 

Los Angeles, Califorrlia .... 

. Madison. Wisconsin . 

Miami, Florida 

^ew York, Nev/ York 

Oklahonnd City,' Oklahoma . 

Pheonix, Arizona 

Rapid City, South Dakota , 

San Aotonio, Texas 

Santa Maria, California 

* Seattle; VVashington 

Washington, D.C 
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I * Theseicost numbers represent th© av^'age amount thai would be paid per unit of heat energy received 
tor each fuel Ftjrn^ce efftcienaes of 67% for gas, 62% for oil and 100% for electricity have been used m 
the calculation of ihese nunr^bers Also, rate steps which lower the unit energy costs with Increasing 
consumption have been incorporated to conr^pute the averages The mformatlor\ for each fuel was 
obtained from,supp(ier/in each city 




60 



APPENDIX C 



Solar Equipment Producers Contributing 
to the Cost Study and Reviewers df 
The Draft Version of this Report 



Solar Equipment Producers " 
Contributing to the Cost Study 

1. . CprniAg Glass Works, Corning, New York 
'2. Energex Corporation, Las Vegas, Nevada ^ 
* 3.' Energy Systems Inc., El'Cajon, CatifOrnisi 

4. InterTechnology Corporation, Warre«ton, 
Virginia / , • ^ 

5. ' Owens-Illinois, Inc., T^da, Ohio 

6. Pittsburgh Plate 'Glass Industries, Inc., 
Pittsburgh, Pennsylvania • 

'7. Ray Pack. Inc., Westlake Village, California 

8. Revere Copper and brass, loc. New York, 
N.Y. , . 1 

9. * Sol^ron Corporation; Denver Coloradq 

10. Soiar Research, Granada Hills, California 

41. -Solar Utilities Company, San Diego. Califor- 
nia 

12. Sunworks. Inc., Guilford, Connecticut 




Reviewers of The Draft 
^ Version of this Report ^ 

W, A. Beckman and J. A. Duffie— Uniyersily of 
Wisconsin, Madison, Wisconsin 

Al Blair--Los Alamos Scientific Laboratory,^ L^ps 
Alamos, New Mexico 

Paul p. • Craig— University of 'natrfornia, 
"Systemwide Administration, Berkeley, 
California* ' ^ 

. David Eaton— Lyndon B. Johnson 'School of 
Public Affairs, University of Te^as, Austin, 
Texas .. , . 

' Marcel R. Harper— RANNhdirectora^ National 
Science Foundation, Washington, D.C. . 

George O, G. Lbf— Sqlaron Corporation, Denver, 
Colorado 

Norman Lutkefeder— Solar Energy firanch, 
Federal Energy Administration, 
• Washington, D'.C. 

Ovyen McGarit^y— Clarendon, Texas 

Abel Wolman, J5red Cohon, CharJes ReVelle, and 
John Roland— The John Hopkins University. 
Baltimore. Maryland— 
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